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Abstract
Terrestrial broadcast is traditionally realized over High Tower High Power (HTHP)
networks which have been preserved in the transition from the analog PAL to the
first generation of the digital DVB-T technology. The drawback of this traditional
network design is its spectral inefficiency. The demand for providing more TV
programs with HD quality as well as the increasing spectrum consumption of mobile
internet services, with video streaming being one of the driving factors, necessitate
a re-optimization of the current broadcast network and a more efficient allocation
of frequencies.
In this thesis, three options for a future frequency-efficient evolution and co-
existence of terrestrial TV and mobile internet are specified and investigated:
– Transition from the current terrestrial broadcast with DVB-T to its successor
DVB-T2 while retaining the HTHP network infrastructure.
– Switch-over from DVB-T to DVB-T2 with transition to a Low Tower Low
Power (LTLP) network infrastructure.
– Utilization of the evolved Multimedia Broadcast/Multicast Service (eMBMS)
within an existing LTLP LTE network.
All three system concepts are evaluated in terms of bit error rate performance
and system throughput. Additionally, coverage and total network transmit power
are determined by system level simulations for different propagation models and
network topologies. Although the emphasis of this thesis is on the evaluation of the
performance and feasibility of the three scenarios from a technical point of view,
political, regulatory, and economic considerations are addressed in short.
In summary, all three options bear a huge potential for a significant reduction
of the spectrum required for terrestrial broadcast. The introduction of DVB-T2
for terrestrial broadcast is a good compromise between performance, cost, and
regulation. However, its full spectral potential can only be exploited in combination
with LTLP network concepts. Furthermore, this thesis proves the importance of
alternative terrestrial broadcasting concepts, which are highly beneficial for a further
convergence of TV and mobile internet. The enhanced multimedia service eMBMS
(LTE and 5G) represents an attractive solution for replacing or supplementing
future terrestrial broadcast systems, especially for the distribution of personal and
regional TV content.
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Chapter 1
Introduction
In the last decades no technology has shaped everyday life as much as the internet.
This key infrastructure is not only creating the foundation for an international
networked economy and the breeding ground for new businesses, but it is also
strongly influencing our personal and social lives. How people communicate and
consume media has especially been shaped by new mobile technologies and services.
Mobile communication services have become ubiquitous: the number of worldwide
mobile subscriptions (7.1 billion) surpassed the world population for the first time
in 2014 [Eri14]. In Germany, the mobile penetration rate, i.e., the number of active
SIM cards per population, has reached 115% in 2013 [BNA14]. In recent years,
the growing number of high-performance hand-held mobile devices in combination
with new data-hungry mobile services have lead to a steep increase in mobile data
traffic.
A recent forecast study by CISCO predicts that the mobile data traffic will
increase nearly tenfold between 2014 and 2019 [CIS15]. Although those fore-
casts are controversially debated as they tend to overestimate the mobile traffic
growth [MM14], there are several measurements and studies that show that mobile
data traffic will indeed continue to grow significantly in coming years [ITU11a,
Eri14, GSM14, CIS15]. It is evident that the main driver behind this traffic growth
is video (see Fig. 1.1). According to [CIS15], video services were already responsible
for 55% of all data traffic by the end of 2014.
Traditionally, the transmission of video content has been the preeminent domain
of television for many years. The first regular electronic television service in
Germany began in Berlin in 1935, initially employing an analogue transmission.
The foundation for the digitization of TV transmission was laid in 2006 with the
GE06 frequency agreement [ITU06] for a revised pan-European harmonization
of the television spectrum. Nowadays, the Terrestrial Digital Video Broadcast
(DVB-T) standard [ETS09] is used for terrestrial TV transmission. Since its
beginning, terrestrial television was based on High Tower High Power (HTHP)
networks. HTHP DVB-T transmitters in Germany are typically characterized by
a transmit power (Effective Radiated Power, ERP) of PTx = 1, . . . , 100 kW and
an average antenna height of hTx ≈ 170 m, leading to average frequency re-use
distances from 100 km to 150 km [Beu12, Tas13]. In a broadcast network, many
users receive the same data using identical frequency resources (see Fig. 1.2). In
contrast, mobile broadband networks are based on a Low Tower Low Power (LTLP)
1
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Figure 1.1: CISCO Global Mobile Data Traffic Forecast [CIS15].
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Figure 1.2: Unicast, multicast, and broadcast.
network infrastructure with significantly smaller cells (PTx,HF = 10, . . . , 50W,
hTx = 15, . . . , 100m). Here, data is traditionally transmitted to the user in a
unicast mode, i.e., a point-to-point connection with individually assigned frequency
resources. However, current wireless communication systems like Long Term
Evolution (LTE) also support multicast and broadcast transmission.
The future of Digital Terrestrial Television (DTT) is currently in the midst of a
lively debate. Conventional television faces competition from internet services like
video-sharing platforms or streaming services which emerged during the last years
and allow consumers to shape their individual video program in a “non-linear” and
more independent, self-determined way. It can be expected that the influence of
these online video services will further expand, as 45.4 % of all consumers above the
age of 14 already watch videos online at least infrequently [TNS14]. Furthermore,
from a technical point of view, there is a strong need to increase the frequency
efficiency of DTT which is driven by two main factors. First, there is a demand
for higher video quality and a more diverse program offer which could be realized
by more efficient transmission or better video compression. Second, the growing
data rates (and thus, the growing spectrum consumption) of mobile communication
services is leading to a demand for re-allocating existing TV spectrum for mobile
broadband.
2
1 Introduction
In this context, this thesis introduces three different scenarios for the future
co-existence of terrestrial television and mobile broadband internet. All three
scenarios are characterized by a higher spectral efficiency of DTT as well as the
possibility to re-allocate spectrum for mobile communication services.
– First, the transition from DVB-T to the prospective new European terrestrial
television standard, DVB-T2, is considered. While DVB-T2 provides a
significantly higher flexibility and efficiency, it cannot fully exploit the current
frequency potential due to its underlying HTHP network infrastructure.
– In a second scenario, the deployment of DVB-T2 with a novel LTLP network
infrastructure is compared to the conventional HTHP broadcast topology.
Thus, the advantages of the flexible, frequency-efficient DVB-T2 physical
layer can be combined with the benefits of an LTLP topology which yields
not only a lower overall transmission power, but also a significantly higher
frequency efficiency.
– Within the third scenario, the full convergence of DTT and mobile broadband
internet, i.e., broadcast via a mobile broadband LTE network using the
evolved Multimedia Broadcast/Multicast Service (eMBMS) is investigated.
It is shown that the “one-fits-all” approach of this joint physical layer is
superior in terms of spectral efficiency compared to the traditional broadcast
with DVB-T. As a result, the spectrum needed for broadcast can be reduced
significantly. Additionally, it opens up the possibility of a smooth transition
between services, i.e., unicast and broadcast, depending on instantaneous
user demand.
Structure of the Thesis
A brief overview over the evolution of both Digital Terrestrial Television (DTT)
and mobile broadband communication systems is given in Chapter 2 in order to
provide the technical, regulatory and political background. Additionally, future
trends and further developments of mobile radio standards are discussed.
The technical basis is laid out in Chapter 3, where the physical layers of the three
communication systems considered in this thesis are discussed: DVB-T, DVB-T2
and LTE. All three systems are analyzed in detail and compared with respect
to bit error rate performance and system throughput. It is shown that DVB-T2
and LTE achieve a comparable physical layer performance with regard to spectral
efficiency. Additionally, for systems that employ feedback channel signaling for
reducing residual transmission errors, e.g., LTE with its Hybrid Automatic Repeat
reQuest (HARQ) feedback transmission scheme, an in-depth theoretical analysis
detailing the impact of unreliable feedback is given.
Chapter 4 addresses the design of Single Frequency Networks (SFN) which are
indispensable for efficient frequency usage. Based on those considerations, a system
level simulation procedure for determining the coverage and the total transmit
power of broadcast systems has been implemented. The parameterization and the
methodology behind those system level simulations is explicated in detail.
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The three basic concepts for future terrestrial television are presented and
analyzed in Chapter 5. As stated above, the three scenarios include the transition
from DVB-T to DVB-T2, the transition from HTHP to LTLP network topologies, as
well as the convergence of both systems by broadcast via cellular radio networks like
LTE by employing the evolved Multimedia Broadcast/Multicast Service (eMBMS).
The thorough analysis of the three concepts is the main focus of this work. It is
conducted with the simulation procedure specified in Chapter 4, taking into account
the evaluation results of the underlying physical layers given in Chapter 3, as well
as different network topologies and propagation models. All three scenarios are
evaluated in terms of data rate, coverage and transmit power. It is shown that the
implementation of Single Frequency Networks (SFNs) can be eased significantly by
network topologies with smaller cells, which results not only in a reduced overall
transmission power, but also in a reduced spectrum usage. Additionally, special
attention is given to possible migration strategies from current video broadcast
based on the DVB-T standard to all three alternative system concepts. Although
the emphasis of this thesis is on the evaluation of the performance and feasibility
of the three scenarios from a technical point of view, political, regulatory, and
economic considerations are addressed in short.
Based on the previous results, potential future spectrum allocations for the UHF
band are proposed in Chapter 6. Special focus is placed on a spectrum allocation
under the constraints of the GE06 Agreement [ITU06]. By algorithmic optimization,
the minimum frequency consumption of a terrestrial broadcast infrastructure based
on nation-wide SFNs is derived. It is shown that for the novel DTT scenarios, the
frequency consumption of terrestrial broadcast can be reduced by 50 %. This results
in several options for a future re-organization of the UHF band, ranging from a
gradual evolution to a radical reshaping of the current UHF spectrum allocation.
The proposed spectrum options take into account the spectrum needs of all relevant
services, including not only mobile broadband access and terrestrial broadcast, but
also services for Public Protection and Disaster Relief (PPDR), as well as devices
for Program Making and Special Events (PMSE), e.g., wireless microphones.
In summary, this thesis evaluates three alternative broadcast concepts for a
co-existence of terrestrial television and mobile broadband internet are thoroughly
investigated. All three options bear a huge potential for a significant reduction
of the spectrum required for terrestrial broadcast. The introduction of DVB-T2
for terrestrial broadcast is a good compromise between performance, cost, and
regulation. However, its full spectral potential can only be exploited in combination
with LTLP network concepts. Furthermore, this thesis proves the importance of
alternative terrestrial broadcasting concepts, which are highly beneficial for a further
convergence of TV and mobile internet. The enhanced multimedia service eMBMS
(LTE and 5G) represents an attractive solution for replacing or supplementing
future terrestrial broadcast systems, especially for the distribution of personal and
regional TV content.
Parts of the results of this thesis have been pre-published in the following references: [LESV09,
VEL10, LMEV10, EBV11a, EBV11b, BEV11, BEV12a, BEV12b, DE13, BEV14].
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Chapter 2
Evolution of Terrestrial Broadcasting
and Mobile Broadband
As this thesis deals with the future co-existence of digital terrestrial broadcast and
mobile broadband internet, it is first important to present the current status of
those systems. Since the debate about future co-existence is not only technical,
both systems have to be positioned in a historical, regulatory and political context.
This chapter will detail the evolution of both terrestrial broadcast and mobile
broadband internet in terms of standardization as well as frequency regulation.
2.1 Digital Terrestrial Television
2.1.1 From Analogue to Digital: The Digital Dividend
In its beginning, the success of television was enabled by analogue terrestrial
transmission. However, the analogue terrestrial transmission of TV signals lost
its preeminent position by the end of the twentieth century as cable and satellite
TV started competing with the terrestrial distribution in many countries. By that
time the terrestrial transmission suffered from two main problems: First, customers
grew accustomed to higher quality digital media that became widely available
with the introduction of the Compact Disc (CD) in 1982 and the Digital Video
Disc (DVD) in 1995. In general, such a high quality could not be provided by
the analogue terrestrial broadcast. Second, the lack of spectrum did not allow
for a great variety of TV programs. The urge to use the available spectrum in a
more efficient manner and simultaneously increase data rates to support video with
better quality led to the development of digital television broadcast systems. Today,
in most of the world DVB-T (Digital Video Broadcasting – Terrestrial) [ETS09] is
the predominant standard for Digital Terrestrial Television (DTT). This standard
was specified by the European Telecommunications Standards Institute (ETSI) and
finalized in 1997. An overview of the DVB-T standard, its parameterization, and
its performance is given in Section 3.2.1. Alternative standards for DTT that are
used in, e.g., USA or China, are summarized in short in Section 2.1.2.
An important basis for the digitization of terrestrial broadcast was the develop-
ment of a new coordinated frequency plan. Two Regional Radio Conferences (RRC)
for frequency planning were organized by the International Telecommunication
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Union (ITU) and were held in 2004 (RRC-04) and 2006 (RRC-06) in Geneva,
which resulted in the new GE06 Agreement [ITU06]. The GE06 Agreement is the
outcome of the joint effort of harmonizing the spectrum for digital broadcast in
the VHF band III (173–230MHz) and in the UHF bands IV/V (470–862MHz).
For the UHF band, the harmonization resulted in the division of the frequency
band into 49 DVB-T channels with 8MHz bandwidth each. The GE06 planning
area covers the ITU Region 1 (consisting of Europe, Africa, the Middle East, the
states of the former Soviet Union as defined in [ITU12b]) except Mongolia, and the
Islamic Republic of Iran.
The 118 countries participating in the planning conferences submitted over
80 000 frequency requirements that had to be considered in the planning process.
Calculations were then performed with a planning software developed by the
European Broadcasting Union (EBU) in order to satisfy a maximum number of
requirements. At the end of a multi-stage iterative planning process, 98% of the
requirements for the UHF band could be met [OPS06]. The frequency planning
was primarily based on allotments: An allotment describes the geographical area
in which a terrestrial broadcast service can be operated without interference from
other allotments using the same frequency channel. The size of an allotment and
the distance between allotments depend on the transmitters located in the allotment
region and their parameterization, e.g., transmitter height and power, as well as
the size of the underlying Single Frequency Network (SFN) (see Chap. 4). As the
GE06 plan is based on a typical broadcast network infrastructure with high power
transmitters with an Effective Radiated Power (ERP) of PTx = 1, . . . , 100 kW,
the average re-use distance between allotments is between 100 km and 150 km.
During the planning process it was made sure that the assumed link budget in
each allotment would be able to provide a satisfying service as well as compatibility
between different broadcast services [Beu12].
Additionally, an allotment is influenced by non-technical constraints as broad-
casters are not only interested in TV programs targeting a national audience, but
also in regionally or even locally distributed TV programs. Thus, the allotments
have to account for national as well as regional or local coverages. Obviously, if at a
given location both national and regional broadcasts are implemented, the spectrum
usage increases. Therefore, shape and size of allotments have to be chosen to reach
a trade-off between an efficient spectrum usage and the need to satisfy the different
coverage requirements of the broadcasters. In Germany, the allotment design was
the result of an arduous political compromise since broadcast in Germany is the
responsibility of the individual German federal states.
The final German allotment plan in the UHF band as specified in GE06 consists
of a total of 367 allotments. The allotments for the first four UHF channels
(channels 21 – 24) in Germany are shown in Figure 2.1, exemplarily. The large
re-use distances between allotments are clearly visible. The area in between
allotments where a channel remains unused is commonly referred to as white space.
In total, at any location in Germany approximately 48 % of all UHF channels
are unused [vdBRAM12]. These white spaces bear a huge potential for a more
6
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Figure 2.1: Allotments for the UHF channels 21 – 24.
21
21
22
22
22
23
23
23
23
23
23
25
25
26
26
27
28
30
30
31
31
33
33
33
33
34
34
35
3535
35
35 3642
46
50
53
53
55
59
Figure 2.2: First German UHF allotment layer.
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efficient frequency usage. Exploiting the white space potential and thus reducing
the spectrum needed for terrestrial television is one of the focal points of this thesis
(see Sec. 6.1).
In order to provide nation-wide coverages, the 376 German allotments are
divided into sub-sets, with each sub-set forming one nation-wide allotment layer.
The allotments assigned to each layer differ in size and shape. In total, seven
nation-wide allotment layers can be constructed. The first national allotment layer
of Germany is visualized in Figure 2.2 (the circled numbers indicate the channel
number of each allotment).
It should be noted that the GE06 plan entries are not as static as they may seem
at first glance. In fact, the seven layers (and thus the 98% frequency requirement
satisfaction rate) were only reached by a huge number of bi- or multi-lateral
agreements in the form of “Administrative Declarations”. In those declarations
the concerned administrations agreed that two or more digital requirements can
use the same frequency channel even though interference might occur between
them. Thus, any incompatibilities found in the planning process can be overwritten
[OPS06, Beu09].
In Germany, the main transition from analogue to digital terrestrial broadcast
was done from 2003 to 2008, with the last major analogue transmitter in Bad
Mergentheim being switched off in 2009. The benefit of this digitization is shown
in Figure 2.3 for the Cologne/Bonn region, exemplarily. The old analogue TV
broadcast (cf. Fig. 2.3(a)) offered six different TV programs; 12 UHF channels (and
additionally two channels in the VHF band) were needed for transmission [WDR09].
With the new digital broadcast [Tas13], however, only six UHF channels are
necessary in the Cologne/Bonn region, while the number of TV programs was
increased to 24 (cf. Fig. 2.3(b)). Due to more efficient video source coding, four
TV programs are combined into one DVB-T multiplex (see Sec. 5.1.2). For each
multiplex only one frequency channel is needed since a lower frequency re-use is
feasible. Thus, the total number of frequency channels per TV program is reduced
significantly by a factor of about eight in the Cologne/Bonn region. The VHF
band is no longer utilized for DVB-T in Germany, as it exhibits a deteriorated
propagation performance during meteorological inversion, which is quite common
in the northwestern parts of Europe [Fis09].
Figure 2.4 gives a further insight into the implementation of the GE06 Agreement
in Germany, using the federal state of North Rhine-Westphalia (NRW) as an
example. Transmitters and frequency channels needed for the transmission of the
ZDF multiplex are shown in Figure 2.4(a). The nation-wide ZDF multiplex is
based on the allotments of the first GE06 layer (cf. Fig. 2.2). Every transmitter is
indicated by a colored dot while the lighter colored areas mark the corresponding
allotment and its channel number. It should be noted that in general, the allotment
area does not necessarily coincide with the actual reception area of the multiplex
transmitted in such an allotment. In can also be seen that broadcast with DVB-
T makes use of small SFNs. For example, in the south-west of NRW (region
Aachen/Cologne/Engelskirchen, blue area in Fig. 2.4(a)) the ZDF multiplex is
8
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(a) Analogue TV: 12 UHF channels, 6 TV programs [WDR09].
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(b) DVB-T: 6 UHF channels, 24 TV programs [Tas13].
Figure 2.3: Frequencies in the UHF band used for television in the
Cologne/Bonn region.
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(b) Third program multiplex.
Figure 2.4: Transmitters and frequencies used for the transmission of differ-
ent multiplexes in NRW. Colored areas indicate corresponding
allotments.
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transmitted by six different transmitters all using the UHF channel 26. However, it
is also obvious that multiple frequency channels are necessary for broadcasting the
same data throughout the entire state of NRW. Larger SFNs (and thus fewer used
frequency channels) are not supported with the current High Tower High Power
(HTHP) concept of DVB-T. In this thesis, alternative, more frequency efficient
broadcast concepts that are based on, e.g., a Low Tower Low Power (LTLP) network
topology, are introduced and analyzed (see Chap. 5).
In contrast to the nation-wide ZDF multiplex, Figure 2.4(b) shows the transmis-
sion of the so-called third program multiplex in NRW. The term “third program”
summarizes all TV programs of the nine regional public broadcast agencies in Ger-
many. The program of the regional broadcast agency in NRW, the Westdeutscher
Rundfunk (WDR), is subdivided even further into eleven different local broadcast
studios [WDR14]. Therefore, the size of the nine frequency allotments allocated
for the third programs in NRW is much smaller as in the case of, e.g., the ZDF
multiplex. Contrary to the ZDF multiplex, since the transmitted content is different
in each allotment region, there is only little potential for a more efficient frequency
use in the case of the regional broadcast.
The digitization of terrestrial broadcast sparked the discussion about a Digital
Dividend, i.e., the re-allocation of spectrum that is not needed for terrestrial broad-
cast anymore, to other services like IMT (International Mobile Telecommunications).
The World Radiocommunication Conference in 2007 (WRC-07) laid the foundation
for the first Digital Dividend by agreeing on a new allocation in the upper UHF
band (790–862MHz, channels 61–69, cf. Fig. 2.3(b)). Mobile (broadband) services
were allowed to use that band on a co-primary basis together with broadcast services
under the condition of protecting the GE06 Agreement [ITU08a]. In Germany, the
800MHz band was auctioned off in 2010 [BNA09a] and is already being used for
wireless communication services today (see Sec. 2.2).
2.1.2 Current Status and Future of Digital Terrestrial Television
The growing demand for higher quality video and a wider choice of TV programs
as well as the competition from cable or satellite providers were crucial factors in
the development of the succeeding standard DVB-T2. It was first standardized by
ETSI in 2009 [ETS11] and provides a much higher spectral efficiency compared
to DVB-T due to more robust and flexible coding and modulation. DVB-T2 is
presented and analyzed in more detail in Section 3.2.2. As can be seen from
the map in Figure 2.5, the DVB-Tx standards are the predominant standards for
Digital Terrestrial Television (DTT) worldwide. Alternative standards for terrestrial
television broadcast that are employed throughout the world are the Advanced
Television Systems Committee (ATSC) standard [ATS14] in North America, Digital
Terrestrial Multimedia Broadcast (DTMB) [AQS06] in China, and Integrated
Services Digital Broadcasting (ISDB) [ITU11b] in Japan, South America and
Botswana, amongst others.
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Figure 2.5: Standards for digital terrestrial television throughout the
world [DVB15].
It is also evident that quite a few countries in the world have already either
deployed or adopted DVB-T2, thus replacing the previous DVB-T standard. In
African countries, most of which are just starting the transition from analogue
to digital, DVB-T2 is envisioned to directly supersede the analogue broadcast.
For example, in South Africa DVB-T2 was officially adopted in 2011 [ICA13]. In
Europe, several countries have introduced DVB-T2 in addition to DVB-T in order
to provide selected TV programs with higher quality. Some examples for successful
DVB-T2 implementations in Europe are presented in Section 5.1.4.
In Germany, only DVB-T is used for terrestrial broadcast so far. The reach
of different transmission methods for television has only slightly changed over the
last years, with DVB-T taking third place [Kun14]. As shown in Figure 2.6, the
number of German households using DVB-T dropped to 10 % in 2014. In denser
urban areas DVB-T enjoys a higher popularity with penetration rates of up to
17 % [TNS14]. However, the influence of DVB-T on rural, sparsely populated areas
has become negligible. In contrast, cable and satellite TV are on par with each
other, each serving approximately 46 % of the German households.
The future of terrestrial television in Germany is the subject of a controversial,
politically charged debate. First, DTT still faces strong competition from cable
and satellite TV. Second, in the last years the internet started to change the
TV landscape significantly with new services like video-sharing platforms (e.g.,
YouTube), streaming services (e.g., Netflix) or the online archives of the broadcasters
(“Mediathek”), thus allowing consumers to shape their own program in a “non-linear”
and more independent, self-determined way. Figure 2.7 illustrates the growth of
those online video services: In 2013 74% of all online users watched online videos
11
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Figure 2.6: TV transmission technologies used in German households with
TVs. Sum > 100 % as multiple platforms may be used [Kun14].
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Figure 2.7: Percentage of German online users watching online video con-
tent at least occasionally [vEF13].
at least occasionally [vEF13]. On a global scale, in 2014 55 % of all mobile data
traffic was caused by video transmission [CIS15].
While phasing out terrestrial television entirely is not an option for the pub-
licly founded broadcast agencies, private broadcasters are at least debating the
possibility since they have started encountering troubles with generating sufficient
revenues. For example, in 2013 the RTL broadcast group considered ending their
terrestrial broadcast due to very high transmission costs compared to cable and
satellite and a low market share of only 4.2 % [RTL13a]. However, after the Ger-
man government decided to opt for the transition from DVB-T to DVB-T2 in
their coalition treaty [CDU13], RTL backed down from abandoning the terrestrial
broadcast completely, citing the possibility of establishing pay-TV programs in
DVB-T2 as one reason for revoking their decision [RTL13b]. In July 2014, the
Media Broadcast GmbH, operator of the German terrestrial broadcast network,
announced to update their broadcast infrastructure within the next years [MB14].
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The switchover to DVB-T2 is envisaged to take place from 2017 to 2019 [ARD14].
Different concepts for future digital terrestrial television, including DVB-T2, and
possible migration scenarios are presented and analyzed in Chapter 5.
A transition from DVB-T to DVB-T2 allows for a further reduction of the spec-
trum needed for terrestrial broadcast (cf. Sec. 5.1), thus resulting in a Second Digital
Dividend (Digital Dividend II). Such a Second Digital Dividend is already supported
by the ITU, which stated in Resolution 232 of the final acts of the World Radiocom-
munication Conference 2012 (WRC-12) that the 700MHz band will be allocated
for mobile services on a co-primary basis after WRC-15 [ITU12a]. The spectrum
considered for future mobile services is the 700MHz band (694–790MHz, chan-
nels 49–60). The German Federal Network Agency (Bundesnetzagentur, BNetzA)
scheduled the frequency auction procedure for the second quarter of 2015 (with a
re-allocation of the 700MHz band in 2017) [BNA13b, BNA15a]. A short overview
over the proposed frequency re-allocation is given in Appendix A.2.
Although the German broadcasters are not opposed to a long-term spectrum
re-allocation, they strongly advised against a premature implementation of the
Digital Dividend II. They claim that the spectrum is essential to guarantee a smooth
transition from DVB-T to DVB-T2, which is intended to start in 2017. Otherwise
consumers would have to bear with either reduced coverage or a reduced number of
programs during the switch-over. Furthermore, a lengthy cross-border coordination
process with neighboring countries would be necessary in order to minimize intra-
allotment interference and to remain compliant to the GE06 frequency agreement.
Finally, the 700MHz band is allocated for devices for Program Making and Special
Events (PMSE), e.g., wireless microphones, on a secondary basis. Until the first
Digital Dividend, PMSE devices used the 800MHz band and were recently moved to
the 700MHz band. As PMSE devices are unable to co-exist with mobile broadband
communication, the designation of alternative frequency bands would be necessary
before the implementation of the Second Digital Dividend (cf. Sec. 6.2.2). In
conclusion, the broadcasters recommended to re-allocate the 700MHz band in 2020
at the earliest [ARD13, MB13].
2.2 Mobile Broadband Internet
2.2.1 Evolution of Mobile Broadband Internet
Mobile communication took off for consumers with the introduction of Second
Generation (2G) systems in 1992: the Global System for Mobile Communication
(GSM) was the first digital mobile communication system to provide voice service
and soon became popular throughout the world. In order to additionally enable
data transmission, the General Packet Radio Service (GPRS) was incorporated into
GSM, which later evolved into Enhanced Data Rates for GSM Evolution (EGDE).
EGDE provides data rates between 100 kbit/s and 200 kbit/s (theoretical peak data
rate: 473 kbit/s) [Cox12].
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To keep up with the growing data rates, in 2002 the first national consumer 3G
network was launched, deploying the Universal Mobile Telecommunications System
(UMTS). UMTS and its enhancements are maintained by the Third Generation
Partnership Project (3GPP). The performance of 3G networks was excessively
hyped in the beginning, but could not keep up with the expectations. Therefore,
UMTS only took off after the introduction of High Speed Packet Access (HSPA),
which is able to provide a peak data rate of 7.2Mbit/s. Since then, HSPA has
been evolved into HSPA+, offering a current peak data rate of 42.2Mbit/s. With
release 11 of the HSPA+ standard, the theoretical peak data rate will be increased
to 337.5Mbit/s, since carrier aggregation and multi-antenna technologies (MIMO)
can be utilized [3GP14, RWGS09, HTT14].
The deployment of the Long Term Evolution (LTE) of UMTS, which was first
defined by 3GPP in 2008, is currently ongoing on a broad scale. LTE (Release 8)
is considered the first step toward the goals for a Fourth Generation (4G) mobile
communication system as defined by the Next Generation Mobile Networks Alliance
(NGMN). LTE provides a significantly increased spectral efficiency compared to
previous cellular systems, and a flat, all-IP based packet-switched radio-network
architecture to simplify operation and reduce costs. Its flexible design allows for
operation with a larger number of different bandwidths and spectrum allocations.
LTE achieves a radio-network delay of less than 5ms and peak data rates of up to
300Mbit/s [ADF+09, RWGS09]. For a single antenna (SISO) transmission using
the maximum available bandwidth of 20MHz, a maximum data rate of 80.3Mbit/s
can be reached [Lü10]. However, since the data rate does not only depend on the
parameterization of the physical layer, but also on the load of the radio cell and
the location of its users, a user can realistically expect average data rates between
1Mbit/s and 8Mbit/s assuming a bandwidth of 20MHz [RWGS09, Mot09, LV10,
VEL10]. A more detailed presentation and simulation of the LTE physical layer
can be found in Section 3.3.
LTE-Advanced (LTE-A) (LTE Release 10 and beyond) is the evolution of LTE
to further improve performance. It is not an entirely new radio access technology,
but it introduces several new features that will boost the spectral efficiency of LTE
significantly. In 2010 LTE-A was approved by the ITU as one of two IMT-Advanced
technologies as it fulfills the requirements detailed in [ITU08b]. The performance of
LTE-A is influenced by three main features: First, LTE-A offers an enhanced multi-
antenna support with up to 8 transmission layers, including codebook-based multi-
user MIMO as well as Coordinated Multipoint (CoMP) transmissions where one user
receives data from more than one transmitter (eNodeB) simultaneously. Second,
improved support for heterogeneous deployments allows for denser infrastructures
that are necessary for sufficiently high data rates in scenarios where users are
highly clustered. Those very-low-power cells can be, e.g., pico cells or femto cells
(home eNodeBs with an output power of ≈ 100mW). Relaying, where the user
communicates with the network via a wirelessly connected relay cell, can further
enhance the performance of heterogeneous infrastructures [GRM+10, PFD11].
Finally, LTE-A provides Carrier Aggregation (CA), which is able to aggregate two
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or more continuous or non-continuous component carriers to support transmission
over a wide bandwidth of up to 100MHz. Thus, LTE-A achieves a spectral
efficiency of 30bit/s/Hz in the downlink, i.e., peak data rates of up to 1Gbit/s are
possible [YZWY10].
The next, Fifth Generation (5G) of mobile communication systems is envisaged
to support the increase in mobile data volume that is expected in mobile communi-
cations beyond 2020, while simultaneously broadening the range of applications
and uses cases. The standardization of a first release of 5G is currently scheduled to
be completed by the end of 2018 [NGM15]. The Next Generation Mobile Networks
Alliance (NGMN) identified manifold novel use cases for 5G, e.g., the ubiquitous
availability of broadband access (including high speed trains and airplanes), support
for services that require an ultra-low latency (> 1 ms), as well as increased network
scalability and flexibility, allowing for a large number of devices (sensor networks,
“Internet of Things”). 5G will exhibit peak data rates in dense areas from 1Gbit/s
to up to 10Gbit/s. For broadcast services, 5G promises a minimum data rate of
50Mbit/s anywhere [NGM15].
5G is expected to be a combination of evolved existing technologies with
new radio concepts. In the literature ([Pir14, OBB+14, ABC+14]), three key
technologies are identified that will be characteristic of a 5G network. First,
heterogeneous radio access technologies in combination with an extreme densification
of the network infrastructure will lead to an increased spectral efficiency that
enables the high data rates and ubiquity required in densely populated areas.
The heterogeneity will be supported by small, low-power femto cells (potentially
deployed by users themselves) and traffic oﬄoading via alternative access networks,
e.g., WiFi [OBB+14]. Second, the allocation of new spectrum bands, especially
the Millimeter Waves (mmW) (frequency band 30 – 300GHz), which are able to
provide large contiguous bandwidths, will play a large role within 5G. While those
frequencies have long remained idle due to their adverse propagation conditions,
they are expected to significantly boost performance for short range (small cell)
transmissions [ABC+14]. Third, massive MIMO [Mar10, LETM14], i.e., the idea
of equipping cellular base stations with a very large number of antennas, can
considerably boost spectral efficiency, for mmW in particular. Finally, enhancements
or even alternatives to the Orthogonal Frequency Division Multiplex with Cyclic
Prefix (CP-OFDM), which is the fundamental physical layer concept employed
in LTE (see Sec. 3.1.2), are discussed in the context of 5G in order to enable
the intended low-latency framework, to increase energy efficiency and to support
higher transmission ranges in higher frequency bands [NGM15, ABC+14, SW14].
Amongst others, Generalized Frequency Division Multiplexing (GFDM) [MGK+12],
Filter Bank Multicarrier (FBMC) systems [FB11], Unique Word OFDM (UW-
OFDM) [HHH10, DE13], and Faster Than Nyquist (FTN) signaling [ARO13] were
proposed to either replace or complement the current CP-OFDM.
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2.2.2 Mobile Broadband Access in Germany
Broadband internet access in Germany is mainly realized with wireline technologies,
e.g., Digital Subscriber Line (DSL). In many rural areas with a low population
density no broadband access is available yet, since those regions could not be
economically covered. In 2009, the German Federal Ministry for Economic Affairs
and Energy (Bundesministerium für Wirtschaft und Energie) (BMWi) stated in
their broadband strategy [BMW09] that broadband internet with a data rate of
at least 50Mbit/s should be provided to 75 % of the population by 2014. In the
2014 Digital Agenda [BMW14], this plan was extended to a nationwide coverage
that is to be reached by 2018. Although coverage has been growing steadily in the
last years, the reality is still lagging behind those ambitious plans, illustrated in
Figure 2.8. Only 64.1 % of German households had access to broadband internet
with a data rate of at least 50Mbit/s by the middle of 2014 [TÜ14]. To further
close this gap and provide broadband access in currently uncovered regions, mobile
broadband technologies can be used.
In order to achieve the necessary high data rates, a sufficient amount of frequency
resources is needed. In Germany, around 600MHz of bandwidth is currently
allocated for mobile communication services (see App. A.1). Figure 2.9 shows the
allocated spectrum of all four German providers (for simplicity only the spectrum
that is used in the Frequency Division Duplex (FDD) mode is shown). The spectrum
that was auctioned off by the German Federal Network Agency (Bundesnetzagentur,
BNetzA) during the last frequency auction in 2010 is designated by hatched areas.
The spectrum consisted of frequencies previously used by the military, as well as
the frequencies from the Digital Dividend (800MHz band, see Sec. 2.1.1), amongst
others.
Being responsible for around 80 % of the auction revenue, the Digital Dividend
was the most sought after part of the spectrum, as the favorable propagation
conditions of those lower frequencies allow for bigger radio cells and thus a quicker
roll-out of broadband technologies [VEL10]. Although the spectrum auction in
2010 was technology-neutral, LTE is the technology of choice in the new frequency
bands for most broadcasters. The BNetzA coupled the auction of the Digital
Dividend with the condition that the frequencies had to be used to make mobile
broadband accessible in insufficiently covered regions before a roll-out in denser
urban areas [BNA09a]. This strategy has proven to be successful: By the middle
of 2014 LTE was already available for 86.5 % of all German households. For 66.3 %
of all households LTE provides a data rate of at least 6Mbit/s [TÜ14]. However,
a recent study showed that only 14.5 % of all consumers using LTE were able to
reach 100 % of their advertised maximum data rate in 2013 [LMSS14].
In the context of the spectrum auction, a refarming of the previously allocated
frequency bands was made possible [BNA09b]. For example, the 900MHz and
the 1800MHz bands that were designated for the deployment of GSM can now be
used to provide technologically neutral mobile broadband access as well. However,
GSM still plays a very important role for mobile communication in Germany. The
majority of voice traffic is still delivered with GSM as it covers 99 % of the German
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Figure 2.8: Percentage of households in Germany in 2014 where broadband
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is available [BMV14].
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Figure 2.9: Frequencies for Mobile Internet in Germany (FDD only).
population (95 % of the area). In 2013 only 32 % of all active SIM cards were used
in UMTS- or LTE-capable devices [BNA14]. Although a few parts of the spectrum
have been refarmed, a complete phase-out of GSM and UMTS and a consecutive
replacement with newer technologies like LTE or LTE-A is not to be expected
before 2020 [MRR+11]. Even then, the total extinction of GSM is not likely, since
the providers will attempt to keep up support for both legacy devices as well as
machine-to-machine communications relying on the Short Message Service (SMS).
Mobile providers opposed the plan of the BNetzA to re-auction the spectrum in the
900MHz band and the 1800MHz band whose licenses expire by the end of 2016.
Instead, in order to guarantee a long-term planning reliability and a consistent
mobile phone service, the providers aimed at a renewal of the current spectrum
contracts until the end of 2020.
The BNetzA decided to auction the frequencies of the potential second Digital
Dividend in 2015 (see Sec. 2.1.2). The auction of this spectrum with a maximum
bandwidth of 2× 40MHz (paired) is coupled with the re-auction of the 900MHz
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band and the 1800MHz band [BNA15a]. The new 700MHz band is envisaged to
be used for an expedited roll-out of broadband internet in uncovered areas as well
as for satisfying the growing spectrum demands of the mobile broadband providers.
A study for the BMWi showed in 2013 that mobile broadband technologies are an
absolute necessity for a cost-efficient, satisfying nation-wide coverage: If LTE-A
is not used for broadband access, the capital expenditure will rise by 75 % (15
billion Euros) [TÜ13]. However, the potential of the 700MHz band for nation-wide
broadband access is slightly overrated. While the frequencies of the UHF band can
contribute to an expeditious coverage due to their favorable propagation conditions,
they are not necessarily a panacea when it comes to providing the high data rates
stipulated by the German government. It has been shown that at least 50−100MHz
of spectrum coupled with an inter-site distance below 10 km would be necessary
in order to guarantee a data rate of 50Mbit/s for every user in case LTE-A is
employed [KRC+13]. Therefore, it can be concluded that other frequency bands,
some of which can provide even higher bandwidths, are equally suitable for mobile
broadband access.
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Chapter 3
Physical Layer Concepts
This chapter provides a description of all relevant physical layer implementations
based on a general transceiver model. All physical layers are realized in accordance
to the Open Systems Interconnection (OSI) reference model [ISO96] standardized
by the International Organization for Standardization (ISO). In general, this model
defines seven logically separated layers which exchange information in a well-ordered
manner. The highest layer, the so-called application layer (AL), is responsible for
all source-related processing components. All link-related features are provided by
the lowest layer, the physical layer (PHY). In Section 3.1.1 a general transceiver
model is described, which is the basis for the PHY layer implementations of digital
terrestrial television (DVB-Tx) as well as LTE. In Sections 3.2 and 3.3 the physical
layers of DVB-T, DVB-T2 and LTE are presented in more detail including an
extensive performance analysis of all three systems. Section 3.4 gives a theoretical
insight into Hybrid Automatic Repeat reQuest (HARQ) schemes that are used,
e.g., in the LTE physical layer. Particular attention is paid to the performance of
HARQ under unreliable feedback channels. Finally, the UMICore Physical Layer
Demonstrator is introduced in Section 3.5. UMICore is a flexible graphical user
frontend that allows for the demonstration and visualization of various physical
layers.
3.1 General Transmission System Model
3.1.1 Channel Coding and Mapping
The general physical layer model of the considered baseband transmission is depicted
in Figure 3.1. In order to protect data against transmission errors caused by
impairments on the wireless link, channel coding is used. The channel encoder adds
artificial redundancy to the information bit vector x = (x1, x2, . . . , xlx) ∈ {0, 1}lx of
length lx resulting in the encoded bit vector e = (e1, e2, . . . , ele) of length le. The
code rate of the encoder is given by r = lx/le The wireless communication systems
addressed in this thesis use either convolutional codes [Eli55, Vit67] (DVB-T),
LDPC codes [Gal62, Mac99] (DVB-T2) or Turbo codes [BGT93, BG96] (LTE) for
channel coding. The different coding techniques are described in Sections 3.2 and
3.3 in more detail. The encoded bit vectors e are then subdivided into groups of
I ∈ N bits which are assigned to complex modulation symbols Y ∈ Cle/I. The three
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physical layers evaluated in this thesis all employ M -QAM (quadrature amplitude
modulation) with M = 2I. Prior to transmission, baseband modulation, i.e.,
Orthogonal Frequency Division Multiplex (OFDM) as explained in Section 3.1.2, is
performed.
Channel
Coding
Complex
Mapping
Modulation
(OFDM)
Communication
Channel
Demodulation
(OFDM)Demapping
Channel
Decoding
x e Y
y
z
YˆLDM(e)LCD(x)
Figure 3.1: General baseband system model.
After transmission, the receiver receives a distorted complex-valued signal
vector z from the channel. Baseband demodulation and equalization (see Sec. 3.1.2)
results in the vector Yˆ ∈ Cle/I. By applying demapping, the vector LDM(e) ∈ Rle
can be computed. This vector contains reliability information on the encoded bits e
in the form of Log-Likelihood Ratios (LLRs) [HOP96] given in general by
LDM(e) = ln
(
Pr{e = +1|Yˆ}
Pr{e = −1|Yˆ}
)
. (3.1)
The L-values LDM(e) are fed into a Soft-Input/Soft-Output (SISO) channel decoder
which generates extrinsic information LCD(x) ∈ Rlx on the information bits x. The
estimated information bit vector xˆ = sign{LCD(x)} can then be calculated from
LCD(x) by simple hard decision.
3.1.2 OFDM with Cyclic Prefix
Multi-carrier systems like Orthogonal Frequency Division Multiplex (OFDM) are the
basis for many current communication systems, both wireless (e.g., DVB-Tx, LTE or
IEEE802.11a [IEE03]) and wired (e.g., ADSL [ITU99a]). The main idea of OFDM
is the division of the available spectrum bandwidth into multiple narrow, equally
spaced, nearly non frequency-selective frequency channels called subcarriers (SC).
In order to avoid Inter-Symbol Interference (ISI) as well as Inter-Carrier Interference
(ICI), it is important that all the subcarriers are orthogonal to each other, which is
one of the main features of OFDM.
The block diagram of an OFDM system is given in Figure 3.2. Based on a
rectangular pulse shaping filter gT of length TU for each of the N subcarriers, the fre-
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Figure 3.2: Baseband model of an OFDM system.
quency offset between adjacent subcarriers can be determined by ∆f = 1
TU
[Kam08].
Each QAM symbol Yi out of Y is mapped to one subcarrier i with i = 0, . . . , N − 1.
After sampling with a sampling frequency of N
TU
= N∆f and modulation of each
subcarrier with frequency i∆f , the final multicarrier signal is given at discrete time
instances k by
y˘(k) =
N−1∑
i=0
Yi · ej2pi ikN with k = 0, . . . , N − 1, (3.2)
which can be expressed using the Inverse Discrete Fourier Transform (IDFT) of
length N:
y˘ = N · IDFTN (Y) . (3.3)
Consequently, demodulation is performed by the Discrete Fourier Transform (DFT)
of length N :
Z = 1
N
·DFTN (z˘) . (3.4)
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Generally, OFDM systems use a power-of-two number of subcarriers N . Such
systems can be implemented very efficiently by using, e.g., the Radix-2 algo-
rithm [CT65] for the Fast Fourier Transform (FFT) and the Inverse Fast Fourier
Transform (IFFT), respectively. Since the subcarriers are orthogonal due to an
equidistant subcarrier spacing of ∆f = 1
TU
(cf. Fig. 3.3(b)) it is possible to eliminate
Inter-Carrier Interference (ICI).
TG TU
TS
CP
(a) Time domain.
B = N∆f
∆f
(b) Frequency domain.
Figure 3.3: OFDM symbol in time and frequency domain.
In order to avoid Inter-Symbol Interference (ISI), i.e., an overlap of consecutive
OFDM symbols in multipath channels, a Guard Interval (GI) of length TG < TU is
added to the modulated symbol in the time domain, thus forming an OFDM symbol
y with a total length of TS = TU + TG. The relative length of the guard interval is
given by δG = TG/TU. The Cyclic Prefix (CP), which is transmitted during the
guard interval, is a copy of the rear part of the modulated symbol (cf. Fig. 3.3(a)).
Although the cyclic prefix reduces the spectral efficiency of the system by extending
the length of the OFDM symbol, it allows for an easy and efficient equalization at
the receiver. Assuming a block-fading channel with a Channel Impulse Response
(CIR) h that is constant for one OFDM symbol, the received signal z can be
expressed as the convolution (denoted by ∗) of the transmitted signal y with the
CIR plus additive noise n:
z = y ∗ h + n. (3.5)
As a result of the cyclic extension of the OFDM symbol, the convolution of the
signal can be described as a circular convolution as long as the length of the CIR
does not exceed the length of the guard interval TG. Due to the convolutional
theorem, the circular convolution (denoted by ~) becomes a simple element-wise
multiplication (denoted by ) after transformation in the frequency domain:
z = y~ h + n (3.6)

Z = YH +N (3.7)
with  denoting the DFT, N the DFT of the noise samples n, and H the DFT of
the zero-padded CIR h. As shown in Figure 3.2, equalization can then be performed,
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e.g., by simple Zero-Forcing (ZF) equalization by multiplication with the inverse
channel transfer function G:
Yˆi = Zi ·Gi = Zi
Hi
= Yi +
N
Hi
, i = 0, . . . , N − 1. (3.8)
ZF equalization might lead to increased noise levels, as small values of H amplify the
noise on each subcarrier. There exist alternative approaches for OFDM equalization,
e.g., Minimum Mean Square Error (MMSE) equalization [H+11], which minimizes
the error between equalizer output and transmitted signal.
In Equation (3.5) the term n denotes Additive White Gaussian Noise (AWGN),
with n consisting of i.i.d elements n ∈ C. The real and imaginary parts Re(n) and
Im(n) are independently Gaussian distributed with zero mean and variance
E
(
|Re(n)|2
)
= E
(
|Im(n)|2
)
= σ
2
n
2 . (3.9)
Assuming unity average energy of the transmitted symbols y with a symbol energy
of
E
(
|y|2
)
= Es = 1 (3.10)
and coherent reception, the channel signal-to-noise ratio (SNR) is defined as
SNR =
E
(
|y|2
)
E (|Re(n)|2) + E (|Im(n)|2) =
1
σ2n
= Es
N0
(3.11)
with N0 = σ2n being the noise power spectral density of the complex baseband
noise.
In order to perform a successful equalization, it is not only necessary to estimate
the CIR but also the channel noise. Therefore, a certain amount of subcarriers in
the OFDM symbol is not used for data transmission but for the transmission of
pilot symbols which can be used for synchronization as well as channel estimation.
Since channel estimation is out of the scope of this thesis, it is referred to the
literature [vdBES+95, SWM+11].
3.1.3 Performance Measures
When designing physical layers, one of the main optimization goals is to correctly
transmit as many information bits as necessary while using as few frequency
resources as possible. In order to evaluate the performance of a physical layer,
several performance measures are used which are introduced in the following.
As shown in the previous sections, an information bit vector x consisting of
lx bits can be transmitted using an OFDM symbol with the symbol duration TS,
resulting in the data rate (throughput) R in bit/s:
R = lx
TS
. (3.12)
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However, this equation assumes that all bits have been transmitted correctly and
are thus useful at the receiver. The fraction of bits corrupted during transmission
can be calculated by a comparison of the estimated bit vector xˆ with x by means
of the XOR function (denoted by ⊕) leading to the Bit Error Rate (BER) for a
frame i:
BERi =
1
lx
lx∑
j=1
xj ⊕ xˆj . (3.13)
The Frame Error Rate (FER) can be determined in a similar manner as
FER = 1
NF
NF∑
i=1
i with i =
{
0 if BERi = 0
1 if BERi > 0
(3.14)
with NF being the number of consecutively transmitted frames.
Assuming that not all bits are transmitted correctly (BER > 0), an alternative
throughput measure incorporating those errors can now be defined. The quasi-
error-free goodput G in bit/s can be written as
G =
{
NU · r·ITS if BER < 2 · 10
−4
0 else
(3.15)
depending on the bit error rate, the channel code rate r, the number I of bits
per complex modulation symbol, the number NU of data subcarriers per OFDM
symbol, as well as the OFDM symbol length TS. A BER of 2 · 10−4 describes the
maximum number of bit errors for which a successful transmission of an encoded
video stream in DVB-T is still possible according to [ETS09]. A normalized physical
layer performance measure not taking into account the specific design of the OFDM
modulation (i.e., FFT length, GI length) is given by the bits per subcarrier B:
B = G · TS
NU
= r · I. (3.16)
Finally, the spectral efficiency η is a measure that describes the physical layer
efficiency considering both the required time and the frequency resources. The
spectral efficiency in bit/s/Hz based on the throughput R is given by
η = R
B
= NU · r · I
TS ·B , (3.17)
where B denotes the system bandwidth.
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3.2 Terrestrial Broadcast with DVB-Tx
3.2.1 DVB-T Physical Layer
The general system model of the DVB-T transmitter according to [ETS09] is shown
in Figure 3.4. The information bit vector x represents data after source coding
and video stream multiplexing. First, the bit vector x is scrambled to ensure a
pseudo-random encoder input xout, i.e., Pr{xout = 0} ≈ Pr{xout = 1}, and an
equally dispersed signal energy on the modulated subcarriers. The channel coding
is then performed in two stages.
Scrambling Outer Encoding(RS Code) piout
Inner Encoding
(Conv. Code) piin
Mapping OFDM
CP
Pilots
TPS
x xout eout
e˜out = xin
xin
ein
e˜in
Y y
Figure 3.4: General system model of the DVB-T transmitter.
For the outer encoding a systematic (204, 188, 8)28 Reed-Solomon (RS) code
[RS60, HLY02] is used which is derived from a (255, 239, 8)28 RS code by means of
shortening. The effective code rate is therefore rRS = 188204 ≈ 0.92. Each 8 bits form
a symbol (byte) out of the Galois field F28 . The encoder input xout thus consists
of 188 symbols with a fixed vector length of lx,out = lx = 1504 bits. The generator
polynomial GRS(q) and the primitive polynomial QRS(q) of the RS code are given
by
GRS(q) =
16∏
i=1
(q + αi) (3.18)
and
QRS(q) = q8 + q4 + q3 + q2 + 1. (3.19)
The RS code allows for a correction of up to 8 erroneous bytes out of the transmitted
204 bytes, thus eliminating remaining block errors after inner decoding. The
implementation of the RS decoder is not specified in the DVB-T standard, however
in the PHY layer implementation realized for this thesis, the common combination
of the Berlekamp-Massey algorithm and the Forney algorithm is used [Mas69,
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CJC82, HLY02]. After the outer encoding, a first interleaving piout is executed to
reduce the influence of burst errors that are longer than 8 bits.
The interleaved bits e˜out = xin are encoded a second time by an inner convo-
lutional code [Eli55] of code rate r′CC = 1/2 with the octal generator polynomial
GCC = {171, 133}8. After coding, puncturing is used to enable multiple code rates
rCC = { 12 , 23 , 34 , 56 , 78} thus making the channel code more flexible. At the receiver,
decoding is done by means of Maximum A-Posteriori estimation in the logarithmic
domain (LogMAP) [BCJR74, RVH95]. Interleaving piin is performed and the bits
are grouped to vectors of I bits, which are mapped to M -QAM symbols. A choice
of three different M -QAMs is available with I = ld(M) ∈ {2, 4, 6}.
OFDM is used as baseband modulation. DVB-T has two different OFDM
modes, the 8K mode with 8192 subcarriers and the 2K mode with 2048 subcarriers,
respectively. In the German terrestrial broadcast currently only the 8K mode is
used. For a channel bandwidth of 8MHz and its respective elementary period of
T = 7/64µs as defined in [ETS09], the absolute durations of the OFDM symbols
and Guard Intervals (GI) are shown in Table 3.1. The relative GI length is given by
δG = TG/TU. The standard allows for channel bandwidths of 6MHz and 7MHz as
well, however only the 8MHz channel is considered in this thesis because it matches
the channel grid of the UHF band.
2K
m
od
e
Subcarriers N 2048
Symbol Length TU = N · T 224µs
Carrier Spacing ∆f = 1/TU 4.464 kHz
Guard Interval δG = TG/TU 1/4 1/8 1/16 1/32
GI Length TG 56µs 28µs 14µs 7µs
TS = TU + TG 280µs 252µs 238µs 231µs
8K
m
od
e
Subcarriers N 8192
Symbol Length TU = N · T 896µs
Carrier Spacing ∆f = 1/TU 1.116 kHz
Guard Interval δG = TG/TU 1/4 1/8 1/16 1/32
GI Length TG 224µs 112µs 56µs 28µs
TS = TU + TG 1120µs 1008µs 952µs 924µs
Table 3.1: Length of guard intervals and OFDM symbols in DVB-T for
8MHz channels (2K and 8K mode). T = 7/64µs.
It is shown in Table 3.2 that DVB-T only uses approximately 74 % of its
N subcarriers for data transmission. 17 % of the subcarriers are not utilized.
Those unused subcarriers are located on the frequency edges of the OFDM symbol
in order to reduce the distortion of neighboring DVB-T channels [Fis09]. The
remaining subcarriers are used for Transmission Parameter Signaling (TPS) as
well as the transmission of continual and scattered pilots which are necessary for
synchronization and channel estimation.
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OFDM mode 2K 8K
Subcarriers N 2048 8192
Data Subcarriers NU 1512 6048
Continual Pilots 45 177
Scattered Pilots 131 524
TPS (Signaling) 17 68
Unused Subcarriers 343 1375
Table 3.2: Usage of OFDM subcarriers in DVB-T (2K and 8K mode).
3.2.2 DVB-T2 Physical Layer
The general system model of a DVB-T2 transmitter according to [ETS11, EVGB+14]
is shown in Figure 3.5. Compared to DVB-T, the physical layer has been simplified
while allowing more flexibility at the same time. After scrambling the information
bit vector x, coding is performed again in two coupled stages in analogy to DVB-T,
where the goal of the outer code is to correct residual errors after the inner decoding.
The scrambled bit vector xout of length lx,out = lx is encoded by a t-error correcting
Scrambling Outer Encoding(BCH Code)
Inner Encoding
(LDPC Code) piin
Mapping OFDM
CPPilots
x xout
eout = xin
xin
ein
e˜in
Y y
Figure 3.5: General system model of the DVB-T2 transmitter.
(lx,in, lx,out) BCH code [Hoc59, BRC60] which is a form of a binary linear block code.
A Low-Density Parity-Check (LDPC) code [Gal62, Mac99] serves as inner encoder.
The parameterization of the BCH code is strongly tied to the code rate rLDPC of
the LDPC code. The BCH parameters lx,out and t are chosen in dependence of
rLDPC to ensure a fixed vector length le,in ∈ {64800, 16200} for a normal and a
shortened frame, respectively. Therefore, the generator polynomial GBCH(q) of
the BCH codes can be determined by the t ∈ {10, 12} minimal polynomials given
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in [ETS11]. The number of parity bits generated by the BCH code can thus be
calculated for a normal frame by
lx,out − lx,in = deg (GBCH(q)) = 16 · t ∈ {160, 192}.
However, the code rate rBCH of the BCH code is almost independent of the possible
parameterizations with rBCH ≈ 0.99. For decoding in the receiver the Berlekamp-
Massey algorithm [Mas69, CJC82] with Chien search [Chi64] is used in this thesis.
An LDPC code is employed as inner code which is a linear block code with
the characteristic feature of having a parity check matrix A with a low density of
non-zero entries. In DVB-T2 the code rates rLDPC = { 12 , 35 , 23 , 34 , 45 , 56} are available.
For each code rate rLDPC, the corresponding parity check equations from which
the parity check matrix A of the LDPC code can be constructed are given in
[ETS11]. In Figure 3.6 the parity check matrix A ∈ F32400×648002 for the code
rate rLDPC = 1/2 is shown exemplarily. It can be seen that DVB-T2 employs
irregular LDPC codes since the column weights wc of A are not constant. At the
receiver, the LDPC code is decoded iteratively using message passing algorithms.
The implementation in this thesis employs the Belief Propagation (BP) algorithm,
which allows for decoding with linear complexity [Pea88, Moo05].
wc = 8 wc = 3 wc = 2 wc = 1
0 12900 32400 64800
0
32400
Figure 3.6: Parity Check Matrix for the LDPC code with code rate
rLDPC = 1/2 containing 226799 (≈ 0.011 %) non-zero entries.
After both encoding steps, the encoded bits ein are interleaved by a combination
of parity interleaving and column twist interleaving. The interleaved bits e˜in are
grouped to vectors of I bits, which are mapped to M -QAM symbols. DVB-T2 ad-
ditionally provides a 256QAM in order to achieve even higher data rates. Therefore,
a total choice of four different M -QAMs is available with I = ld(M) ∈ {2, 4, 6, 8}.
As with DVB-T, DVB-T2 also uses OFDM as baseband modulation. However,
the amount of different OFDM setups has increased significantly. Six different FFT
lengths are now available. In order to increase the maximum length of the guard
interval without increasing the guard interval overhead, 16K and 32K modes where
introduced which thus allow for much larger Single Frequency Networks (SFN).
This is discussed in more detail in Chapter 4. The shorter FFT lengths (1K, 2K)
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enable the use of DVB-T2 in highly mobile scenarios. The symbol lengths TU and
the guard intervals TG for all OFDM modes are given in Table 3.3. A dash (—)
marks combinations that are not to be used according to [ETS11].
Table 3.4 shows how DVB-T2 uses the available subcarriers. Similar to DVB-T,
about 17 % of the subcarriers are empty while approximately 80 % of the subcarriers
are used for data transmission. Continual and scattered pilots, which are necessary
for synchronization and channel estimation, are transmitted over the remaining
subcarriers. DVB-T2 defines eight types of different pilot patterns (PP) depending
on the FFT-length and the length of the guard interval. In Table 3.4 the pilot
pattern with the minimum possible number of pilots has been chosen for each FFT
length.
Guard Interval Length TG
FFT TU 1/128 1/32 1/16 19/256 1/8 19/128 1/4
32K 3584µs 28µs 112µs 224µs 266µs 448µs 532µs —
16K 1792µs 14µs 56µs 112µs 133µs 224µs 266µs 448µs
8K 896µs 7µs 28µs 56µs 66.5µs 112µs 133µs 224µs
4K 448µs — 14µs 28µs — 56µs — 112µs
2K 224µs — 7µs 14µs — 28µs — 56µs
1K 112µs — — 7µs — 14µs — 28µs
Table 3.3: Length of guard intervals and OFDM symbols in DVB-T2 for
8MHz channels.
OFDM mode (FFT) 1K 2K 4K 8K 16K 32K
Subcarriers N 1024 2048 4096 8192 16384 32768
Data Subcarriers NU 818 1646 3328 6698 13416 26836
Continual Pilots 19 45 50 47 68 157
Scattered Pilots 18 18 36 71 142 284
Unused Subcarriers 169 339 682 1376 2758 5491
Table 3.4: Usage of OFDM subcarriers in DVB-T2 for all OFDM modes.
3.2.3 Performance Analysis of DVB-Tx
The physical layer performance of DVB-T and DVB-T2 is first analyzed in terms
of bit error rate (BER) and bits per subcarrier B according to Equation (3.16).
Figure 3.7 shows BER and B of the DVB-T physical layer for all code rates rCC
and QPSK (I = 2) exemplarily. AWGN was chosen as radio channel to ensure
comparability between all different physical layers (DVB-Tx and LTE), originally
designed for different use cases. It can be seen that an SNR of at least 3.3 dB is
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necessary in order to achieve a successful data transmission. Obviously, higher code
rates result in a higher data rate but at the same time require a higher SNR as
well.
Simulation results of the DVB-T2 physical layer in an AWGN environment are
shown in Figure 3.8 for all LDPC code rates rLDPC, an LDPC output block length
of 64800 bits and QPSK (I = 2). Compared to DVB-T, the BER curves exhibit
a very steep drop-off, the so-called waterfall region which is caused by the more
efficient LDPC encoding. Furthermore all curves are shifted towards the lower
SNR region and thus reduce the minimum SNR required for a transmission with
error-free decoding to 1.1dB. It is also visible that the maximum B for DVB-T2 is
slightly higher compared to DVB-T due to a higher code rate of the outer encoder
(rBCH ≈ 0.99 > rRS).
Conducting simulations for all possible combinations of code rates and mod-
ulations schemes leads to 15 individual performance curves for DVB-T and to
24 curves for DVB-T2, respectively. The envelope of all those curves describes
the overall performance of each physical layer. It has to be kept in mind that
(contrary to LTE, cf. Sec. 3.3.3) the modulation and coding scheme has to be
chosen prior to the setup of the transmitter according to the worst possible channel
conditions in all cells for all users so that even terminals near the edge of a radio cell
can successfully decode the broadcast data since no feedback channel is available.
Figure 3.9 compares the goodputs G of both physical layers based on Equation
(3.15). Simulations have been conducted in an AWGN environment for an 8MHz
channel. Both systems are used in the 8K OFDM mode with a relative guard
interval of δG = 1/4 resulting in an OFDM symbol length of TS = 1120µs. Since
the physical layers of both systems differ, Equation (3.15) has to be modified to
GT1 = NU · rRS · rCC · I
TS
= 6048 · rRS · rCC · I
TS
(3.20)
for DVB-T and to
GT2 = NU · rBCH · rLDPC · I
TS
= 6698 · rBCH · rLDPC · I
TS
(3.21)
for DVB-T2, respectively. It can bee seen that DVB-T2 yields a much better
performance with coding gains of approximately 5dB over the whole SNR range,
thus resulting in a higher spectral efficiency ηT2. Especially for higher SNRs,
DVB-T2 outperforms DVB-T in terms of throughput due to the use of 256QAM
(I = 8). For the maximum data rate at high SNR values it holds:
26.12Mbit/s = RT1,max < RT2,max = 39.75Mbit/s. (3.22)
Peak data rates for all combinations of code rate, modulation scheme and guard
interval lengths are tabulated in Appendix C.1 for DVB-T and in Appendix C.2 for
DVB-T2, respectively. The spectral efficiency gain of DVB-T2 can be approximated
for SNR > 3 dB with
ηT2 (SNR) ≈ 1.51 · ηT1 (SNR) . (3.23)
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Figure 3.7: BER and bits per subcarrier B of DVB-T for QPSK (I = 2)
in an AWGN environment.
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in an AWGN environment.
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AWGN environment. OFDM setup with 8K, δG = 1/4 and
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In Germany, the channel coding in most DVB-T transmitters is set up with a
code rate of rCC = 2/3 and 16QAM (I = 4), providing a maximum throughput
of RT1 = 13.27Mbit/s. A minimum SNR of 12.1 dB is required for an error-
free transmission. At that same minimum SNR, DVB-T2 can achieve a data
rate RT2 = 19.88Mbit/s by using 16QAM with a code rate of rLDPC = 5/6.
Alternatively, DVB-T2 can be setup with 16QAM and a code rate of rLDPC = 3/5
resulting in a similar data rate of RT2 = 14.28Mbit/s while reducing the minimum
SNR to 7.4 dB. An extensive analysis of the achievable gains by employing DVB-T2
from a system level perspective can be found in Section 5.1.
3.3 Mobile Broadband Internet with 4G LTE
3.3.1 LTE Physical Layer
Channel Coding
The general system model of the LTE system according to [3GP10a, 3GP08] is
shown in Figure 3.10. The data frames b of length lb are protected with a Cyclic
Redundancy Check (CRC) code by adding 24 bits to each frame. If the length lx
of the resulting bit vector x exceeds 6144 bits, i.e., lb > 6120, segmentation has
to be performed in advance. The bit vector x is then encoded by a systematic
rate- 13 turbo code [BGT93, BG96] consisting of two parallel concatenated rate-
1
2
convolutional codes (PCCC) with octal generator polynomials GT = {1, 15/13}8.
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They are concatenated by a Quadratic Permutation Polynomial (QPP) interleaver,
which allows for an easy implementation for different block sizes lb [ST05, Tak06].
Add CRC bits
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Figure 3.10: General system model of the LTE physical layer.
Since each of the component encoders generates one parity bit per input bit,
three different streams are generated (as visualized in Fig. 3.11): the first stream
contains the systematic, i.e., the uncoded bits x, while the other two streams
contain the parity bits pI and pII of the two constituent codes. Each of those
streams is interleaved individually by the sub-block interleavers pix, pip,I and pip,II
and written into a ring buffer (cf. Fig. 3.11) which allows for an easy and efficient
code rate adaptation [CNB+08]. A frame e of encoded bits with length le is selected
for transmission from the ring buffer resulting in an effective code rate rRM = lxle .
The frame length le is determined by a higher layer scheduler based on each user’s
instantaneous channel quality, the user’s requested throughput, the maximum delay,
the target FER and the current load of the radio cell. Thereby, the scheduler
implicitly influences the code rate rRM of the user. A block size le < 3 · lx results
in a code rate rRM > 1/3 , whereas if le is sufficiently large, the code rate can take
values rRM < 1/3 by repetition of encoded bits.
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Figure 3.11: Turbo coding and rate matching in LTE.
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In addition to channel coding, LTE uses a Hybrid Automatic Repeat reQuest
(HARQ) scheme to ensure the reliability of the data transmission. With HARQ
type-I [LC83], each encoded data frame is retransmitted until the decoded frame xˆ
passes the CRC or the maximum number of transmissions K is reached (i.e., faultily
decoded frames are discarded and not additionally exploited at the receiver). In
contrast, LTE uses HARQ type-II. In HARQ type-II [Man74], each transmission
contains Incremental Redundancy (IR) about the data frame. All retransmissions
(also called Redundancy Versions (RVs)) are then combined at the receiver before
channel decoding. This method is also known as HARQ with incremental redun-
dancy (IR-HARQ). With HARQ type-II, the decision to request a retransmission
is also determined by the CRC.
Signaling is carried out over a feedback channel by means of Acknowledge (ACK)
and Negative Acknowledge (NACK) signals to the scheduler of the transmitter. For
the initial transmission, systematic bits are selected and then the remainder of e is
filled up with parity bits. Each following transmission (up to K = 4) requested by
the receiver starts at a different position within the ring buffer, i.e., each redundancy
version consists of a different combination of systematic and parity bits. Obviously,
each requested retransmission implicitly results in a decrease of the effective code
rate and directly leads to losses in throughput and latency. An extensive analytical
study of HARQ and its influence on system performance for unreliable feedback
channels is presented in Section 3.4. In the literature, alternative methods for rate
matching have been proposed, e.g., rate matching by insertion of dummy bits prior
to encoding, which has been proven to be advantageous compared to the currently
standardized ring buffer [BEV11].
As with the DVB-Tx standards, the LTE receiver is not specified in the standard.
For decoding of the turbo code, two parallel concatenated decoders are used, each
employing the Soft-Input/Soft-Output (SISO) Maximum A-Posteriori algorithm
in the logarithmic domain (LogMAP) [BCJR74, RVH95]. Both decoders exchange
extrinsic information in an iterative manner with a maximum of nT iterations.
After the final iteration, xˆ can be determined from LCD(x) by hard decision.
Mapping and OFDM Modulation
After channel coding the bits e are grouped to vectors of I = ld(M) ∈ {2, 4, 6} bits,
which are mapped to M -QAM symbols. Gray coding is used for the mapping of bit
combinations to the constellation symbols although alternative mapping strategies
can exploit the unequal error protection capabilities of the QAM modulation
scheme [LMEV10]. Each of the QAM symbols is assigned to one OFDM subcarrier.
The N OFDM subcarriers are spaced equally with ∆f = 15 kHz leading to a symbol
length of TU = 1∆f ≈ 66.67µs.
As shown in Section 3.1.2, a Cyclic Prefix (CP) of length TG gets appended to the
N subcarriers forming the OFDM symbol y with a duration of TS = TU+TG. Three
different CP lengths are defined in [3GP10a] and listed in Table 3.5. However, gen-
erally only the normal CP is used in a unicast LTE downlink transmission [Cox12].
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For the normal CP, one LTE time slot consists of 7 OFDM symbols and the length
of one LTE slot is thus given by
TSlot = 7 · TS =
(
1
∆f + 5.2µs
)
+ 6
(
1
∆f + 4.7µs
)
≈ 0.5ms. (3.24)
20 slots are grouped into one LTE radio frame with a total length of 10ms [3GP07].
The time-frequency grid of LTE for the normal CP length is visualized in
Figure 3.12. 12 adjacent subcarriers in 7 consecutive OFDM symbols in each time
slot make up one resource block (RB) consisting of 7× 12 = 84 resource elements
(REs). Each resource element corresponds directly to a single subcarrier carrying
one complex modulation symbol Yn. A resource block is the smallest unit that can
be assigned to a user by the scheduler. The number of available resources depends
on the channel bandwidth B and is given in Table 3.6 according to [3GP10d].
Cyclic Prefix ∆f Symbols/Slot SC/RB TG
normal 15 kHz 7 12 5.2µs (first symbol)4.7µs (other symbols)
extended 15 kHz 6 12 16.7µs
long 7.5 kHz 3 24 33.3µs
Table 3.5: Cyclic Prefix lengths in LTE.
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Figure 3.12: Time-frequency grid of LTE.
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Bandwidth B 5MHz 10MHz 15MHz 20MHz
Subcarriers N 512 1024 1536 2048
Used Subcarriers 300 600 900 1200
RBs per time slot 25 50 75 100
normal CP REs per time slot 2100 4200 6300 8400
extended CP REs per time slot 1800 3600 5400 7200
long CP REs per time slot 1800 3600 5400 7200
Table 3.6: Supported bandwidths and available radio resources in LTE
for all three cyclic prefix lengths.
3.3.2 Evolved Multimedia Broadcast/Multicast Service (eMBMS)
The 3GPP defined a Multimedia Broadcast/Multicast Service (MBMS) in 2005
with the release 6 of the UMTS standard, which has since evolved into the
evolved Multimedia Broadcast/Multicast Service (eMBMS) that builds on top
of LTE [3GP12a, 3GP13]. eMBMS can be considered a viable candidate for terres-
trial broadcast [HHH+07]. eMBMS enables the broadcast capability within LTE,
so that the same content can be sent to a large number of users in a network at
the same time, resulting in a more efficient use of the available frequency resources.
eMBMS specifically allows for the synchronized transmission from different radio
cells using the same frequency, thus creating a Single Frequency Network (SFN)
(see Chap. 4 for details). Therefore, eMBMS is also called Multimedia Broadcast
Single Frequency Network (MBSFN) in the LTE standardization. Radio cells that
participate in the distribution of the same content to multiple users form an MBSFN
area. Every radio cell can be a part of up to eight MBSFN areas [3GP07, LG12].
The deployment of eMBMS within LTE has a significant impact on the physical
layer parameterization, especially the length of the Cyclic Prefix (CP). Since the CP
has to cope with a higher delay spread in a Single Frequency Network (SFN) caused
by multiple synchronized transmissions, two extended CP lengths (cf. Tab. 3.5) are
used for eMBMS. There exist two transmission modes in eMBMS: The mixed mode
is a mixture of a unicast and a broadcast transmission where multiple subcarriers
in a subframe are used for eMBMS while the others are used for unicast data.
In this case the extended CP with a length of TG = 16.7µs is applied. In the
dedicated mode only eMBMS data is transmitted. Here a smaller subcarrier spacing
of ∆f = 7.5 kHz is used, which results in a CP length of approximately TG = 33.3µs.
It can be seen from Table 3.6 that the longer cyclic prefixes decrease the number
of resource elements per time slot and therefore reduce the maximum data rate.
An analysis of the performance of eMBMS can be found in Section 3.3.3. It has to
be kept in mind that the Adaptive Coding and Modulation (ACM) of LTE is not
applicable for eMBMS since all parameters have to be the same for all users in a
broadcast transmission. Furthermore, HARQ cannot be used as well due to the
lack of an appropriate feedback channel in case of multiple users
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3.3.3 Performance Analysis of LTE and eMBMS
The physical layer performance of LTE is analyzed in terms of error-free transmitted
information bits per subcarrier B. Assuming that erroneous frames are identified
by the CRC and consequently discarded at the receiver, and taking into account
the average number of transmissions K (with 1 ≤ K ≤ 4), Equation (3.16) can be
adapted to
BLTE = (1− FER) rRM · I
K
. (3.25)
Figure 3.13 shows the bits per subcarrier B for LTE in an AWGN environment
for an exemplary code rate of rRM = 1/3 and all three modulation schemes (QPSK,
16QAM, 64QAM). For simulation, the maximum block length of lx = 6144 bits was
used. All curves exhibit four distinctive plateaus, each reflecting the number of
HARQ transmissions that are necessary for error-free transmission. For 64QAM
successful decoding with all four possible transmissions is first achieved for SNR =
0.5dB. Four transmissions are necessary for successful decoding in the SNR range
0.5dB ≤ SNR ≤ 2.4dB, indicated by the first plateau. Error-free transmission with
just a single transmission becomes feasible at channel qualities above SNR = 6.3dB
in the 64QAM case. The other modulation schemes offer a much better performance
at low SNR ranges, however, less bits can be transmitted per subcarrier.
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Figure 3.13: Bits per subcarrier B of LTE in an AWGN environment with
code rate rRM = 1/3.
Conducting simulations for all possible combinations of code rates and mod-
ulations schemes leads to 15 individual performance curves. The envelope of all
those curves is depicted in Figure 3.14 and describes the overall performance of
the LTE physical layer in case Adaptive Coding and Modulation (ACM) is ap-
plied [Lü10]. The performance curves for the two broadcasting physical layers
DVB-T and DVB-T2 are depicted as well for comparison. Both LTE and DVB-T2
exhibit a very similar performance for 1 dB ≤ SNR ≤ 19.6 dB and outperform
DVB-T by a factor of approximately 1.5 in terms of bits per subcarrier B (see Eq.
(3.23)). For high SNR ranges (SNR > 19.6 dB) LTE is outperformed by DVB-T2
39
Chapter 3 – Physical Layer Concepts
because 256QAM (I = 8) is available in DVB-T2 as highest modulation scheme.
For bad channel qualities (−8 dB ≤ SNR < 1 dB) a transmission is still possible
with LTE since, in contrast to DVB-Tx, HARQ transmissions can be carried out.
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Figure 3.14: Bits per subcarrier B of LTE, DVB-T and DVB-T2 in an
AWGN environment.
The physical layer performance of eMBMS can be derived from the bits per
subcarrier B for LTE as shown in Figure 3.14. However, it has to be kept in mind
that HARQ retransmissions are impossible in eMBMS since a feedback channel
cannot be used. Furthermore, the OFDM parameterization for eMBMS is different
compared to LTE since longer cyclic prefixes are used which result in a lower data
rate. In order to determine possible eMBMS parameterizations that exhibit a
similar performance compared to DVB-T as it is currently employed in Germany,
the peak data rate Rmax for different setups has been calculated and is shown in
Figure 3.15. Rmax is independent of the CP length TG and has been determined
for two bandwidths B = 10MHz and B = 20MHz. Table 3.7 lists all the eMBMS
setups that are comparable to the current German DVB-T setup, either in terms of
peak data rate Rmax or in terms of minimum SNR SNRmin. An analysis of these
eMBMS configurations from a system level perspective can be found in Section 5.3.
B SNRmin Rmax I rRM
10MHz 6.4 dB 14.4Mbit/s 4 1/211.6 dB 24Mbit/s 4 5/6
20MHz 1 dB 14.3Mbit/s 2 1/211.6 dB 48Mbit/s 4 5/6
Table 3.7: Exemplary parameterizations for eMBMS.
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Figure 3.15: Data Rates for DVB-T and DVB-T2 compared to eMBMS
for different bandwidths in an AWGN environment.
3.4 HARQ with Unreliable Feedback
HARQ schemes are employed in mobile communication systems, e.g., LTE (see
Section 3.3), to reduce the residual Frame Error Rate (FER) after channel decoding.
If decoding fails, the receiver requests the transmission of additional redundancy
about these frames to improve further decoding attempts. Signaling is carried
out over a feedback link from the receiver back to the transmitter. However,
errors on the feedback link severely influence the behavior of the HARQ system
and may degrade the overall system performance. So far, the influence of HARQ
schemes on the system performance has mostly been studied for reliable HARQ
systems, i.e., for systems with perfect feedback channels without feedback errors,
e.g., in [Kal90, Che06, LLMC12], which cannot be assumed in general.
An analysis of HARQ systems with unreliable feedback is provided in Sec-
tion 3.4.1 using the derivation which has been previously presented in [BEV12a].
It is focused on a general system model which is not linked to a special communica-
tion channel and/or HARQ protocol. The presented analysis is valid for HARQ
type-I and type-II. Furthermore, no restrictions are made for the error handling
of ACK/NACK signaling errors, i.e., both NACK→ACK and ACK→NACK er-
rors are included in the analysis. Expressions for the required number of HARQ
transmissions per frame and the resulting overall system throughput are derived
analytically in dependency of the residual Frame Error Rates (FERs) of the reliable
HARQ system and the current quality of the feedback channel. Time-consuming
simulations of the unreliable system can thus be avoided. The correctness of the
presented analysis is verified by extensive LTE simulations.
In Section 3.4.2, which is based on results previously published in [BEV14], the
influence of the feedback channel error probabilities on the system throughput and
the required transmission energy is discussed. Those results are used to define
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target requirements for the design of transceiver schemes employing HARQ with
unreliable feedback, regarding transmission energy and channel coding of the HARQ
feedback signal.
3.4.1 System Model and Performance Evaluation
Transmission System Model
The general model of the considered transmission system which is based on the LTE
physical layer (see Sec. 3.3) is depicted in Figure 3.16. CRC bits are attached to an
information bit vector b. The resulting frame x is encoded by a rate-compatible
channel encoder with code rate rRM. After modulation, transmission over the
communication channel, and demodulation, the received values eˆ are fed into
the channel decoder. If the CRC detects that a frame xˆ is still erroneous after
channel decoding, the transmission of additional redundancy can be requested
by the receiver. Although this general model is valid for all HARQ types, in the
following HARQ type-II is exclusively considered. Furthermore it is assumed that
each transmitted redundancy version carries the same number of code bits. This
is, e.g., in accordance with LTE. The corresponding signaling is carried out over a
feedback channel by means of ACK and NACK signals v. Note that transmission
errors may result in disturbed versions w.
Add CRC bits
Rate-Compatible
Channel Coding
Complex
Mapping
HARQ Feedback
Channel
Communication
Channel
DemappingChannelDecodingCRC
b x e
eˆxˆbˆ
w ∈ {ACK,NACK}
v ∈ {ACK,NACK}
Figure 3.16: System model of a generalized HARQ transceiver.
Communication Channel Model
Some contributions consider the correlations between successive transmission at-
tempts, modeling the short-term fluctuations with respect to FER and system
throughput by means of Markov models [AN07, Bad09]. However, the interest here
is in the long-term performance of the system, i.e., the average number of retrans-
missions and the average system throughput after a sufficiently long observation
time. In this case, the communication channel is completely determined by its
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average FERs Pi after each HARQ transmission i. Pi is related to the quality of
the communication channel and the error correction capabilities of the channel
decoder. Correlations between successive bits resulting in burst errors are also
comprised in these average FERs.
Feedback Channel Model
A general model for an unreliable feedback channel which covers ACK→NACK as
well as NACK→ACK signaling errors is depicted in Figure 3.17. This model is
defined by two conditional error probabilities PA = Pr{Wi = NACK|Vi = ACK}
and PN = Pr{Wi = ACK|Vi = NACK} with 0 ≤ PA ≤ 1/2 and 0 ≤ PN ≤ 1/2.
Here, Vi and Wi signify random processes with realizations vi and wi. The first
error probability denotes the probability that an ACK is transmitted after the
i-th data transmission (1 ≤ i ≤ K) but received as a NACK, while the latter
probability indicates the opposite error scenario. The maximum number of HARQ
transmissions allowed by the system is denoted by K. It is worth noting that PA
and PN can be different in general. Targets on both probabilities are determined in
Sec. 3.4.2 according to a maximum tolerated loss in throughput and FER.
V = ACK
PA
V = NACK
PN
1− PA
1− PN
W = ACK
W = NACK
Figure 3.17: General model of the HARQ feedback channel.
It is assumed that the channel condition of the feedback channel remains (nearly)
constant during the K transmissions, yielding error probabilities PA and PN which
are constant, i.e., independent of i. The probabilities of occurrence of an ACK
and a NACK after the i-th HARQ transmission are given by means of the residual
FERs Pi of the overall communication system according to Pr{Vi = NACK} = Pi
and Pr{Vi = ACK} = 1− Pi. For all HARQ types, the following constraint holds
true:
1 ≥ P1 ≥ P2 ≥ . . . ≥ PK ≥ 0. (3.26)
It is obvious that PK includes all previous successful transmissions (1, 2, . . . ,K − 1).
Depending on the considered communication channel, Pi can either be determined
by simulations or even by analytical derivation.
Performance Measure
A measure for the performance of a communication system is its average throughput
measured in terms of error-free received information bits per complex channel use.
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According to Equations (3.16) and (3.25) it is defined for a system with reliable
feedback by
B[rel]K =
(1− PK) · rRM · I
K [rel]
. (3.27)
It depends on the code rate rRM of the rate-compatible channel code, the number
I of coded bits per modulation symbol, the average number K [rel] of HARQ
transmissions per frame and the residual error probability PK after the K-th
transmission. The factor 1−PK guarantees that, after the K-th transmission, only
error-free decoded frames are considered for the calculation of B[rel]K . Equation (3.27)
can be adopted to a system with unreliable feedback according to
B[unrel]K =
(
1− P [unrel]K
)
· rRM · I
K [unrel]
= C(K,PN,P)
(1− PK) · rRM · I
K [unrel]
, (3.28)
in which C(K,PN,P) is a correction term which takes into account the fact that
NACK→ACK errors, in contrast to ACK→NACK errors, increase the residual
FER after HARQ1. It depends on the maximum number K of HARQ transmissions,
the error probability PN, and the residual FERs P = (P1, . . . , Pi, . . . , PK−1). The
average number of HARQ transmissions per frame is denoted by K [unrel] and
depends on K, PA, PN, and P. Both terms are derived for the considered system
model in the following. It is evident that B[unrel]K = B[rel]K for PA = PN = 0.
Average Number of HARQ Transmissions
The average number K [unrel] of HARQ transmissions per frame is given by
K [unrel] =
K∑
i=1
i ·Qi|K , (3.29)
where Qi|K = Pr{I = i|K = K} denotes the probability that exactly i HARQ
transmissions are carried out under the condition that up to K transmissions are
allowed by the system. I and K signify the corresponding random processes. For
the probabilities Qi|K it holds that
K∑
i=1
Qi|K = 1. (3.30)
For K = 1, the trivial solution is given by Q1|1 = 1. Starting with Q1|1, the
1It has to be kept in mind that NACK→ACK errors not only increase the residual data
rate, but can also result in an entire loss of the data frame as it has been erroneously marked
as correct for subsequent layers.
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Figure 3.18: Tree structure illustrating the computation rule for the aver-
age number of transmissions per frame [BEV14].
probabilities can be split up with increasing K while fulfilling two major properties:
Qi|k = Qi|k+1, 1 ≤ i < k, 2 ≤ k < K, (3.31a)
Qi|i = Qi|i+1 +Qi+1|i+1, i ≤ K−1. (3.31b)
Both properties are visualized by the tree structure depicted in Figure 3.18.
Property (3.31a) states that all probabilities Qi|k (1 ≤ i < k) do not change
with increasing i, i.e., Q1|2 = · · · = Q1|K and Q2|3 = · · · = Q2|K for example.
Furthermore, Property (3.31b) shows that the last probability Qi|i splits up into
two probabilities Qi|i+1 and Qi+1|i+1 if the number of allowed HARQ transmissions
is increased by one from i to i+ 1. This is due to the fact that Qi|i comprises all
frames transmitted i-times irrespective of the decoding success. The validity of this
property can be proven by means of (3.30) and (3.31a) as shown in Appendix D.1.
Based on these properties, (3.29) can be simplified to
K [unrel] =
K∑
i=1
i ·Qi|K =
K∑
i=1
Qi|i. (3.32)
The proof is given in Appendix D.1 as well. As a result of (3.32), it is sufficient to
compute the probabilities Qi|i (1 ≤ i ≤ K). These probabilities can be computed
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by means of the error probabilities PA, PN, and Pi (1 ≤ i < K). Accounting for
the composition scheme of the probabilities Qi|i, a direct computation rule can be
formulated [BEV12a]:
Qi|i = Pi−1(1− PN)i−1 +
i−1∑
j=1
(Pi−j−1 − Pi−j)(1− PN)i−j−1P jA, (3.33)
where P0 = 1 for initialization.
The first term in (3.33) comprises all frames which are still erroneous after
transmission i − 1 and for which the NACK signal is correctly received after
each transmission. The sum accounts for those frames which are erroneous after
transmission i− j− 1 and correctly received after transmission i− j (1 ≤ j ≤ i− 1).
These frames have to be transmitted i times if at first the i − j − 1 NACKs are
correctly received and subsequently j successive errors occur after the transmission
of the ACK feedback.
System Throughput
For a communication system with PN > 0, the system throughput is reduced by a
factor of C(K,PN,P) which is obviously independent of the error probability PA.
No incremental redundancy is transmitted about some corrupted frames during the
HARQ process, since the corresponding NACK feedback is corrupted as well. The
probability in this case can be determined dependent on K, the error probabilities
P = (P1, . . . , Pi, . . . , PK−1), and PN. Taking into consideration that the additional
probability of loosing a frame exactly after the i-th transmission is PNPi(1−PN)i−1
and that the last feedback message is sent after the (K − 1)-th transmission, it can
be concluded that
C(K,PN,P) = 1− PN
K−1∑
i=1
Pi (1− PN)i−1 . (3.34)
The validity of (3.34) can be proven via induction as shown in Appendix D.1.
Hence, the overall system throughput for a communication system with unre-
liable feedback channel is given by means of (3.28), (3.32), and (3.34) according
to
B[unrel]K = C(K,PN,P)
(1− PK) · rRM · I
K [unrel]
(3.35)
=
(
1−PN
K−1∑
i=1
Pi (1−PN)i−1
)
(1−PK) · rRM · I∑K
i=1 Qi|i
(3.36)
=
(
1−P [unrel]K
)
· rRM · I∑K
i=1 Qi|i
(3.37)
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with Qi|i as given in (3.33), and
P
[unrel]
K = 1−
(
1−PN
K−1∑
i=1
Pi (1−PN)i−1
)
(1−PK) . (3.38)
Special Cases
Several special cases are covered by equations (3.33), (3.37) and (3.38) [BEV12a],
illustrating the general nature of the underlying feedback channel model.
1. Maximal unreliable feedback channel, i.e., PA = PN = 1/2:
Qi|i =
(1
2
)i−1(
Pi−1 +
i−1∑
j=1
(Pi−j−1 − Pi−j)
)
=
(1
2
)i−1
, proof see Appendix D.1, (3.39)
K [unrel] =
K∑
i=1
Qi|i=
K∑
i=1
(1
2
)i−1
=
K−1∑
i=0
(1
2
)i
. (3.40)
This geometric sum can explicitly be computed according to
K [unrel] = 2
(
1−
(1
2
)K)
= 2−
(1
2
)K−1
. (3.41)
Under the theoretical consideration of an infinite number of HARQ transmis-
sions, i.e., K →∞, the average number of transmissions per frame results in
K [unrel]∞ = lim
K→∞
(
2−
(1
2
)K−1)
= 2. (3.42)
The overall throughput is finally determined by (3.35). It is obvious that the
maximal unreliable feedback channel has no impact on the overall system
throughput for totally unreliable communication channels (Pi = 1 for i <∞,
i.e., B[unrel]∞ = B[rel]∞ = 0). However, assuming a totally reliable (error-free)
communication channel (Pi = 0 for i <∞), the overall system throughput is
reduced by the factor of two:
B[unrel]∞ = K
[rel]
∞
K
[unrel]
∞
B[rel]∞ = 12B
[rel]
∞ . (3.43)
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2. Reliable (perfect) feedback channel according to [SCV04], i.e., PA = PN = 0:
K [unrel] = K [rel] =
K∑
i=1
Qi|i = 1 +
K∑
i=2
Qi|i
= 1 +
K∑
i=2
Pi−1 = 1 +
K−1∑
i=1
Pi (3.44)
C(K,PN,P) = 1. (3.45)
The overall throughput is then given by
B[unrel]K = B[rel]K =
(1− PK) · rRM · I
1 +
∑K−1
i=1 Pi
, (3.46)
allowing the calculation of the throughput only based on FER simulations.
3. Perfect communication channel, i.e., Pi = 0 for 1 ≤ i ≤ K (e.g., approxi-
mation of good short-term channel conditions), and feedback channel with
arbitrary but fixed PA, PN:
K [unrel] = 1 +
K∑
i=2
Qi|i = 1 +
K∑
i=2
P i−1A = 1 +
K−1∑
i=1
P iA =
K−1∑
i=0
P iA
= 1− P
K
A
1− PA (3.47)
C(K,PN,P) = 1. (3.48)
For such a system, (3.35) simplifies to
B[unrel]K =
(1− PA) · rRM · I
1− PKA
= 1− PA1− PKA
B[rel]K (3.49)
with B[rel]K as given in (3.27).
4. Erasure feedback channel:
In many previous works, e.g., [ML00, AN07, Bad09], the feedback channel is
modeled as an erasure channel. It is often assumed that the ACK/NACK
feedback is protected by a CRC. If an erasure occurs, this information is
always interpreted as a NACK which secures a cross over probability of
PN = 0 and is therefore also covered by the general framework presented in
this section.. Applied to the general expressions given in (3.32), (3.33) and
(3.35), this results in an average number of HARQ transmissions per frame of
K [unrel] =
K∑
i=1
(
i−1∑
j=1
(Pi−j−1 − Pi−j)P jA + Pi−1
)
= 1 +
K−1∑
i=1
Pi +
K−1∑
i=1
(
P iA−PiPK−iA
)
, (3.50)
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which is identical to the expression derived in [ML00]. The proof is provided
in Appendix D.1.
Analytical Solution vs. Simulation Results
In order to evaluate the theoretical throughput of a communication system with
unreliable feedback as given in (3.35), the physical layer of LTE has been simulated
using an AWGN channel as well as the Typical Urban (TU) channel model for a
system bandwidth of 20MHz specified by 3GPP [3GP10b]. Simulations have been
conducted with 10 Turbo iterations and with modulation and coding schemes as
given in Table 3.8. Furthermore, LTE uses HARQ type-II (IR-HARQ) with a maxi-
mum of K = 4 HARQ transmissions. The residual FERs have been simulated with
an error-free feedback channel (PN = PA = 0). Based on these results, the average
number of HARQ transmissions and the system throughput have been calculated
analytically with (3.32) and (3.35), respectively, for PN = PA ∈ {0.0, 0.01, 0.1}. The
resulting curves are also compared to their simulated versions.
Modulation Code rates
QPSK (I = 2) rRM ∈ { 16 , 15 , 14 , 13 , 12 , 23 , 34}
16QAM (I = 4) rRM ∈ { 12 , 23 , 34 , 45}
64QAM (I = 6) rRM ∈ { 12 , 23 , 34 , 45}
Table 3.8: Modulation and coding schemes (MCS).
Figure 3.19 shows the average number of HARQ transmissions of the LTE
system for both channel models, exemplarily for 16QAM (I = 4) with an initial
code rate after channel coding and rate matching of rRM = 4/5. As expected,
the number of necessary transmissions decreases for an increasing channel quality.
Additionally, a higher feedback error probability (PA = PN > 0) results in less
average transmissions for low channel qualities. Even though both feedback errors
are equiprobable, the number of average transmissions is reduced since the maximum
number of transmissions is limited (K = 4). For high channel qualities (Pi → 0 for
1 ≤ i ≤ 4), the average number of transmission converges in accordance to (3.47).
Most importantly, it can be observed that the simulations match the analytical
results perfectly, thus confirming the validity of the derivation.
In Figure 3.20, the envelope of the throughput curves for all modulation and
coding schemes is depicted. The envelope consists of the maximum throughput
(measured in bit per complex channel use) provided by the MCS modes within the
considered SNR range. In case of unreliable feedback (PA = PN > 0), the curve
progression is similar to error-free feedback, but the overall throughput decreases
for higher feedback error probabilities. Furthermore, the perfect match of the
simulated and the calculated throughput curves demonstrate the validity of the
analytical evaluation. It is obvious that the simulation of a system with unreliable
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Figure 3.19: Average number of HARQ transmissions for 16QAM (I = 4)
and rRM = 4/5.
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Figure 3.20: Maximum average throughput (envelope): Best MCS is se-
lected adaptively for each SNR.
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feedback channel is therefore superfluous, since the throughput can be derived
analytically with the novel equation (3.37) from the simulation of the system with
reliable feedback for any error probabilities PA and PN.
It can also be seen that neither small values of PA nor PN have a huge influence
on the average number on HARQ transmissions or the throughput, which is in
accordance with results presented in [MGiAE14]. However, the feedback probabili-
ties have a severe influence on the residual FER which is detailed in the following
chapter.
3.4.2 HARQ System Design
The results derived in the previous section are very beneficial for the design of a
HARQ system with unreliable feedback. Based on the analytical expressions, a more
detailed discussion of the influence of the feedback error probabilities PN and PA
on the residual FER after channel decoding, the system throughput, as well as the
required transmission energy is presented in this section. Bounds on all performance
measures are derived, which are then used to define target requirements for both
error probabilities. Finally, a design guideline for a suitable feedback transceiver is
finally given based on these target probabilities.
Influence of PN
NACK→ACK errors cause a severe loss in FER performance, since they stop the
HARQ process of corrupted data frames. The influence of this error event on
the residual FER after channel decoding is illustrated in Figure 3.21 for different
probabilities PN ∈ {10−2, 10−3, 10−4, 10−5} and a transmission over an AWGN
channel. For the simulation, QPSK (I = 2) and a code rate of rRM = 1/3 have been
used. 10 Turbo iterations and up to K = 4 HARQ transmission per data frame
have been carried out. The FERs Pi (for 1 ≤ i ≤ 4) of the reliable HARQ system
(PN = 0), which are required for the analytical evaluation, are additionally depicted
(dashed gray lines) to illustrate the influence of the unreliable feedback channel.
Obviously, the FER of the system depends on PN and shows 3 plateaus (marked by
circled numbers) until it approaches zero. Each plateau j (1 ≤ j ≤ K − 1) can be
approximated by means of (3.38) on page 47 assuming that the error probabilities
Pi at these plateaus are given according to
Pi =
{
1 for 1 ≤ i ≤ j
0 for j + 1 ≤ i ≤ K. (3.51)
Then, (3.38) can be simplified to
P
[unrel]
K = 1−
(
1−PN
K−1∑
i=1
Pi (1−PN)i−1
)
(1−PK)
= 1−
(
1−PN
j∑
i=1
(1−PN)i−1
)
(3.52)
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Figure 3.21: Frame error rates of the unreliable HARQ system for different
error probabilities PN. The FERs Pi (for 1 ≤ i ≤ 4) of the
reliable HARQ system (PN = 0) are depicted by dashed gray
lines. Simulated for QPSK (I = 2) and rRM = 1/3.
For PN  1/2, it applies that (1− PN) ≈ 1 and P [unrel]K can be approximated by
P
[unrel]
K / j · PN. (3.53)
Equation (3.53) is a fundamental result since it provides a very tight upper bound
on the error floor of HARQ systems with unreliable feedback for j = K − 1. For
the considered LTE system with K = 4, this bound is given by the third plateau,
i.e., P [unrel]K = 3PN (c.f. Fig. 3.21).
For many application scenarios, FERs of P [unrel]K ≤ 10−4 are required. Ac-
counting for (3.53), this leads directly to a tolerable target error probability of
PN ≤ P [unrel]K /3 ≈ 3.33 · 10−5 which has to be guaranteed by the HARQ system.
Considering (3.36) on page 46 and (3.46) on page 48, PN has also an influence
on the overall system throughput. Therefore, the relative loss in system throughput,
which is calculated according to
∆BK = B
[rel]
K − B[unrel]K
B[rel]K
, (3.54)
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is depicted in Figure 3.22 for the target error probability PN ≤ 3.33 · 10−5, PA = 0,
K = 4, and the SNR dependent MCS modes as specified in Table 3.8. B[rel]K and
B[unrel]K are computed according to (3.46) and (3.36), respectively.
For this choice of PN, the loss in throughput is negligible (∆B4  1 %) and
leads to the conclusion that the target specification for PN only depends on the
required FER performance.
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Figure 3.22: Relative loss in throughput for target error probability PN =
3.3 · 10−5. PA = 0, K = 4, and SNR dependent MCS modes.
Influence of PA
According to (3.38) on page 47, PA has no influence on the residual FER. It only
increases the number of average HARQ transmissions per data frame resulting in
a decreased system throughput. The upper bound for the influence of PA on the
system throughput is determined by the special case of a perfect communication
channel. In this situation, the highest number of ACK→NACK errors occurs, since
an ACK is fed back after each transmission. By means of (3.49), the maximum
relative loss in throughput can be computed to
∆B[max]K =
B[rel]K − 1−PA1−PKA B
[rel]
K
B[rel]K
= 1− 1− PA1− PKA
= PA · 1− P
K−1
A
1− PKA
. (3.55)
For PA  1/2, (3.55) can be approximated by
∆B[max]K ≈ PA. (3.56)
This upper bound is visible in Fig. 3.23 where the relative loss computed according
to (3.54), (3.46), and (3.35) is depicted. For PA = 3.3 · 10−5, K = 4, and the SNR
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dependent MCS modes according to Table 3.8, a maximum relative loss in system
throughput of 3.3 · 10−5 can be observed.
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Figure 3.23: Relative loss in throughput for error probability PA = 3.3 ·
10−5, PN = 0, K = 4, and SNR dependent MCS modes.
Adaptive Power Control
One might argue that even a loss of 1% in terms of system throughput is tolerable,
leading to different target requirements for the NACK→ACK error probability PN
and the ACK→NACK error probability PA. To account for PA > PN, adaptive
power control can be employed for the transmission of the feedback signal, saving
transmission power on average.
While NACKs are transmitted with a signal energy ENACK = E0, less energy
EACK = a ·E0 (0 < a < 1) can be used for the transmission of the ACK signal. The
factor a = a(PA) is a function of the error probability PA and can be determined
for an AWGN channel by means of the well-known relation
Pb =
1
2erfc
(√
Eb
N0
)
(3.57)
between the bit error probability Pb and the ratio Eb/N0 (Energy per bit and
spectral noise power density) [Moo05] according to
a = EACK
ENACK
= E
[ACK]
b
E
[NACK]
b
=
(
erfc−1(2PA)
erfc−1(2PN)
)2
. (3.58)
Assuming further a transmission energy EDATA for each data frame, a signal energy
EFB = b · EDATA (0 < b 1) is required for the feedback transmission, since the
frame size of the feedback signal is small compared to the frame size of the data
frames.
As a measure for the benefit of adaptive power control, the relative gain
∆E = EDATA + ∆EFB in terms of overall transmission energy is chosen. This
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energy comprises ∆EDATA which is required for the data transmission as well
as ∆EFB which is needed for the transmission of the corresponding feedback
signals. Note that the overall transmission energy required for data and feedback
transmission in case of a reliable HARQ system is given by K [rel] · (EDATA + EFB).
This energy is chosen as benchmark.
The maximum feedback energy gain ∆E[max]FB with respect to the overall trans-
mission energy K [rel](EDATA + EFB) of the reliable system is given for perfect
channel conditions (Pi = 0 for 1 ≤ i ≤ K) and can be computed to
∆E[max]FB =
K [rel] · EFB −K [unrel] · a · EFB
K [rel](EDATA + EFB)
= K
[rel] · b · EDATA −K [unrel] · a · b · EDATA
K [rel](1 + b)EDATA
=
K [rel] · EDATA
(
b− K[unrel]
K[rel]
a · b
)
K [rel] · EDATA · (1 + b)
= b1 + b −
K [unrel]
K [rel]
· a · b1 + b . (3.59)
With K [rel] = 1 for a perfect communication channel and K [unrel] according to
(3.47), (3.59) simplifies to
∆E[max]FB =
b
1 + b −
1− PKA
1− PA ·
a · b
1 + b <
b
1 + b . (3.60)
However, an increased number of average HARQ transmissions per data frame
results in a higher energy consumption for the data transmission, i.e., ∆EDATA < 0.
Accordingly, the relative gain in terms of overall transmission energy is upper
bounded by
∆E = ∆EFB + ∆EDATA < ∆E[max]FB <
b
1 + b . (3.61)
For the special case of a perfect communication channel (Pi = 0 for 1 ≤ i ≤ K),
∆EDATA takes its maximum and can be derived from (3.60) by setting a = b = 1
in the numerator:
∆E[max]DATA =
K
[rel] · EDATA −K [unrel] · EDATA
K
[rel] · (EDATA + EFB)
= 11 + b −
1− PKA
1− PA ·
1
1 + b < 0. (3.62)
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With (3.60) and (3.62), the relative gain in terms of overall transmission energy
for a perfect communication channel is thus given by
∆E = ∆E[max]FB + ∆E
[max]
DATA
=
(
b
1 + b −
1− PKA
1− PA ·
a · b
1 + b
)
+
(
1
1 + b −
1− PKA
1− PA ·
1
1 + b
)
= 1− 1 + a · b1 + b ·
1− PKA
1− PA . (3.63)
In Figure 3.24, ∆E is illustrated as a function of PA for different values
b ∈ {10−3, 5 · 10−2, 10−2, 10−1}. A notable gain ∆E > 0 can only be achieved
for large values of b, i.e., small data frame sizes. Therefore, adaptive power control
for the feedback channel is only reasonable for very small data frames. However,
in the LTE standard up to 6144 bits are transmitted per data frame, while the
ACK/NACK feedback frame comprises only 10 bits (including error protection). For
this setup and the LTE specific modulation and coding schemes, b lies approximately
between 10−4 and 10−2.
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Figure 3.24: Relative gain in transmission energy for a perfect commu-
nication channel achieved by adaptive power control in the
HARQ feedback channel. Negative values signify a loss.
Accordingly, both feedback signals should be transmitted with equal power,
resulting in the target requirement for the considered HARQ system of PA =
PN ≤ 3.3 · 10−5. This conclusion is independent of the forward link parameters.
These parameters have only an effect on the residual frame error rates on the
forward link. As soon as at least the frame error rate after the last transmission is
significantly smaller than 1, a high PA causes a severe loss in energy, which cannot
be compensated by the adaptive power control in the feedback link. Only the
channel SNR at which this condition is met depends on the forward link parameters
of the system.
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Feedback Transceiver Design
In this section, the defined target requirements on PA and PN are used to provide
a design guideline for the feedback transceiver.
The ACK/NACK feedback signal is represented by one bit which is protected
against bit errors on the physical link by a simple repetition code of repetition
rate rR ∈ N and code rate rFB = r−1R . Furthermore, BPSK (I = 1) is used as
modulation scheme prior to transmission.
Then, the required repetition rate rR at which the target probabilities (here:
Pb := PA = PN ≤ 3.3 · 10−5) shall be guaranteed can be computed for a specific
threshold feedback channel SNR (Es/N0)FB,T (energy per symbol and spectral
noise power density). It is evident that higher channel SNRs provide even lower
error probabilities. With(
Eb
N0
)
FB,T
= 1
rFB · I
(
Es
N0
)
FB,T
= rR
(
Es
N0
)
FB,T
, (3.64)
(3.57) can be rewritten as
Pb =
1
2erfc
(√
rR
(
Es
N0
)
FB,T
)
⇔ rR =
(
Es
N0
)−1
FB,T
(
erfc−1(2Pb)
)2
. (3.65)
Since rR ∈ N, the expression above has to be rounded to the nearest higher integer
value resulting in
rR =
⌈(
Es
N0
)−1
FB,T
(
erfc−1(2Pb)
)2⌉
. (3.66)
The repetition rate rR is plotted in Figure 3.25 as a function of the threshold
channel SNR (Es/N0)FB,T. If, e.g., (Es/N0)FB,T = −5 dB is specified, a repetition
rate of rR = 26 has to be chosen. For lower threshold channel SNRs, the required
rate increases.
If the feedback signal is jointly transmitted with the uplink data frame (as it is,
e.g., realized in LTE), the repetition code can also be employed jointly with the
strong inner channel code (Turbo code or LDPC code) used for the uplink data
transmission. To determine the residual BER of the ACK/NACK bit, the BER of
the inner channel code has to be shifted towards lower channel SNRs according to
the repetition rate rR. This would significantly reduce the repetition rate which
is needed to meet the requirements on PA and PN at a specific threshold channel
SNR (Es/N0)FB,T.
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Figure 3.25: Repetition rate which is required to reach the target feedback
error probabilities at a specific threshold channel SNR.
3.5 UMICore Physical Layer Demonstrator
3.5.1 Basic Concept and Features of UMICore
In order to demonstrate and visualize various physical layer concepts, the UMICore
Physical Layer Demonstrator [EBV11a, EBV11b] has been developed.2 The
UMICore demonstrator serves as graphical user frontend to the physical layer
simulation framework commSimulator (cf. Fig. 3.26). The commSimulator frame-
work provides general methods for physical layer simulation, e.g., data generation,
source and channel (de-)coding, modulation, as well as channel modeling.
UMICore is able to visualize different physical layer concepts (e.g., DVB-Tx
or LTE) and allows for an interactive adaptation of all relevant physical layer
parameters, e.g., code rate r and bits I per QAM modulation symbol. Table 3.9
gives an exhaustive overview over all the integrated physical layers and their
adjustable parameters.
The Graphical User Interface (GUI) of UMICore is depicted in Figure 3.27(a).
The transmission is visualized by a live plot of the modulation constellations after
equalization (located in the center of the GUI). The current bit error rate is indicated
in a bar plot and additionally illustrated by an image transmission in the lower
right corner. Additionally, UMICore allows for the transmission of speech signals.
For source coding, the AMR-NB speech codec [3GP00] with a bit rate of 12.2 kbit/s
is used. The speech quality of the received signals is automatically evaluated with
the Perceptual Evaluation of Speech Quality (PESQ) measure [ITU01]. The GUI
2UMICore was a contribution to the Ultra high-speed Mobile Information and Com-
munication (UMIC) [UMI15] research cluster, funded by the German Universities Ex-
cellence Initiative. A light version of UMICore is available for download online:
http://www.ind.rwth-aachen.de/umicore
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Figure 3.26: UMICore: a frontend for the commSimulator simulation
framework.
Physical Layer Code Rate r QAM I Decoding Iter.
LTE [3GP08] 13 ,
1
2 ,
2
3 ,
3
4 ,
5
6 ,
7
8 2, 4, 6 1, . . . , 10 (Turbo)
WiMAX [IEE09] 12 ,
2
3 ,
3
4 ,
5
6 2, 4, 6 5, . . . , 100 (LDPC)
DVB-T [ETS09] 12 ,
2
3 ,
3
4 ,
5
6 ,
7
8 2, 4, 6 n/a (Convolutional)
DVB-T2 [ETS11] 12 ,
3
5 ,
2
3 ,
3
4 ,
4
5 ,
5
6 2, 4, 6, 8 50 (LDPC)
Powerline [ITU10] 12 ,
16
21 2, 4, 6, 8, 10, 12 1, . . . , 10 (Turbo)
Table 3.9: Physical Layers in UMICore and their parameters.
for speech visualization is shown in Figure 3.27(b). A playback of the speech signals
is integrated in UMICore as well, thus allowing for the auralization of the influence
of PHY transmission errors on the transmitted speech.
Further evaluation of the physical layer is enabled by plots of system throughput
and Extrinsic Information Transfer (EXIT) charts (in case of turbo codes). EXIT
charts enable a convenient way of analyzing the iterative behavior of Turbo codes
[tB00, tB01]. Both system throughput and EXIT charts rely on presimulated data
and are not calculated in real-time. The graphical user interface also allows for the
selection of different channel models and the flexible adjustment of different channel
settings as well as the depiction of the current Channel State Information (CSI).
In case of the measured Ilmenau channel (see Sec. 3.5.2) the active measurement
track (blue line) and the active Base Station (BS) (red dot) can be chosen from the
city map in which the movement of the mobile station (measurement car, green
dot) is depicted as well (cf. Fig. 3.27(c)).
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(a) The main GUI of UMICore.
(b) Speech transmission and evaluation.
(c) GUI for the Ilmenau channel.
Figure 3.27: Screenshots of UMICore.
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3.5.2 UMICore Channel Models
For the evaluation of physical layer concepts under realistic or nearly realistic
conditions, channel models are needed. In the UMICore demonstrator an Additive
White Gaussian Noise (AWGN) channel as well as a Rayleigh fading channel are
implemented as a first approximation with regard to the statistical behavior of
the radio channel. The Rayleigh fading channel is based on a tapped delay line
model [Pä03] where Rayleigh distributed fading represents the statistical properties
of a channel where no line of sight exists.
Other channel models which describe the channel in a more realistic way are,
e.g., the WINNER or the COST channel models. In UMICore a simplified version of
the WINNER II Cluster Delay Line (CDL) model [K+08] is included. Although this
simplified CDL model does not yet take into account any antenna characteristics
and is valid only for the single antenna case (SISO), it is possible to create different
environmental scenarios, e.g., typical urban and rural environments under Non-
Line-of-Sight (NLOS) and Line-of-Sight (LOS) conditions.
Furthermore, for more realistic simulations, channel measurements are used. The
data was obtained in an extensive channel measurement campaign at TU Ilmenau,
representing a typical urban scenario. Channel sounding was performed at 2.53GHz
with a bandwidth of 2× 40MHz. The RUSK-TUI FAU channel sounder [MED14]
was used as measurement hardware. Detailed parameters of the channel sounder
are given in Table 3.10. At the Base Station (BS), which served as transmitter,
a uniform linear array was used with 8 dual polarized (H/V) elements, each of
them consisting of a stack of 4 patches in order to form a narrow transmit beam in
elevation. At the mobile station (passenger car), a circular array with 2 rings of 12
patches with H/V polarizations was used. Additionally, a Multiple-Input Multiple-
Output (MIMO) cube was placed on top (see Tab. 3.11). The mobile station acted
as receiver. A detailed description of the measurement and antenna setups, which
match the requirements of the 3GPP Long Term Evolution (LTE and LTE-A), can
be found in [S+09]. Statistical analyses of the radio channel parameters, e.g., delay
or cross-correlation characteristics, can be found in [BSN+10, BSVT11a, BSVT11b].
For each of the tracks and for each measured snapshot, geo-data information
based on GPS, odometer, and separated distance measurements via laser is available.
The accuracy of the distance measurements is approximately 0.1m around the
start and end points of each track and 1m along the measurement route. A typical
length of a track is 50m – 70m. In total, the measurement campaign covers 3 base
station positions with two possible heights each (25m and 15m) and additionally a
relay point (3.5m) in the middle of the scenario. Only the BS height of 25m is
considered in UMICore. The inter-site distance between the base stations is found
to be 680m for BS1 – BS2, 580m for BS2 – BS3 and 640m for BS3 – BS1. In
total, more than 20 individual tracks with more than 120 measurement runs were
performed. Figure 3.28 shows the time-variant Channel State Information (CSI) in
dB according to the time and the number of subcarriers for one exemplary track
(BS1, 41a-42). One can see the strong time dependency of each subcarrier caused
by the Doppler effect as well as the deep fading due to the multipath propagation.
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Transmit Power 46dBm
Center Frequency 2.53GHz
Bandwidth 2× 40MHz
Time Sample Spacing 13.1ms
Frequency Sample Spacing 156.25 kHz
MIMO sublinks 928
Positioning Odometer & GPS
Table 3.10: Properties of the RUSK-TUI FAU channel sounder.
Tx Array Rx Array
Type PULPA8 SPUCPA 2× 12+ MIMO-Cube
Number of Antennas 16 58
Beamwidth, azimuth (3 dB) 100◦ 360◦
Beamwidth, elevation (3 dB) 24◦ 80◦
Tilt 5◦ down 0◦
Table 3.11: Antenna properties.
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Figure 3.28: Channel State Information (CSI) for one exemplary track
(BS1, 41a-42) of the Ilmenau channel measurements.
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In the UMICore demonstrator, each combination of base station and mea-
surement track can be selected individually via a map interface (cf. Fig. 3.27(c)).
The high frequency selectivity of the Ilmenau channel is visualized by means of a
CSI plot (cf. Fig. 3.28). Since the frequency bandwidths of the various physical
layers integrated in UMICore are much smaller (e.g., B = 20MHz) for LTE) than
the measurement bandwidth, all channel impulse responses are resampled to be
compatible with each physical layer. Furthermore, as UMICore only supports the
Single-Input Single-Output (SISO) case, one antenna pair is chosen exemplarily
from the measurement data.
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Chapter 4
System Level Simulation of
Single Frequency Networks
The focus of this chapter is on the design of Single Frequency Networks (SFNs),
which are indispensable for an efficient frequency usage in broadcast networks.
In order to evaluate the physical layer concepts for broadcast as presented in
Chapter 3 from a system level perspective, a simulation framework for determining
coverage and total transmit power is introduced. The various parameters for
those system level simulations, particularly including different propagation models
and implementation scenarios, are detailed in Sections 4.2 and 4.3. Finally, in
Section 4.4 an optimization algorithm for transmit power allocation leading to a
perfect coverage is proposed. Thus, this chapter forms the basis for the thorough
evaluation of different concepts for future terrestrial broadcast in Chapter 5.
4.1 Design of Single Frequency Networks
The basic idea behind broadcasting is that the same information is transmitted to
different users using the same frequency resources. However, since the transmitter
is not aware of the reception conditions at each user terminal, all transmission
parameters, e.g., code rate and modulation, have to be the same for all users. Thus,
it is necessary to design the system in a way that even users under adverse channel
conditions are able to successfully retrieve the information. Obviously, users at the
Figure 4.1: Multiple Frequency Network (MFN) vs. Single Frequency
Network (SFN).
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edge of a radio cell not only suffer from signal loss due to the distance from the
transmitter, but also from possible interference of neighboring cells. In a broadcast
scenario, it is possible to overcome those limitations by having neighboring cells
transmit exactly the same signal in a fully synchronized manner, so that the radio
signals from different cells are interfering constructively and the received signal
level is increased. Such a network layout is called Single Frequency Network (SFN)
(see Fig. 4.1). SFNs not only provide the benefit of increased performance at the
edges of a cell, but they also help to reduce the overall frequency consumption,
since every transmitter can now use the same frequency band.
However, the size of an SFN is limited. The limiting factor is the delay spread
of signals from different transmitters arriving at the receiver. The delay spread of
two signals from two different transmitters can be calculated by ∆t = |d1−d2|
c
with
c = 299792458m/s being the speed of light and d1 and d2 being the distance from
the receiver to each of the transmitters. In a system employing OFDM, proper
equalization can only be performed as long as the delay spread ∆t is smaller than
the guard interval TG (see Sec. 3.1.2). Thus, the maximum distance dG between
two transmitters can be calculated depending on the length of the guard interval
TG by dG = c ·TG. The relative length of the guard interval is given by δG = TG/TU
(see also Fig. 3.3, p. 24). A few exemplary maximum SFN transmitter distances
are given in Table 4.1 for DVB-T2 and eMBMS.
TG dG
DVB-T2
532µs 159.49 km (e.g., 32K, δG = 19/128)
448µs 134.31 km (e.g., 16K, δG = 1/4)
224µs 67.15 km (e.g., 8K, δG = 1/4)
eMBMS 16.7µs 5 km (extended CP)33.3µs 10 km (long CP)
Table 4.1: Exemplary maximum SFN transmitter distances for DVB-T2
and eMBMS.
The channel quality at the receiver, i.e., the Signal-to-Interference-plus-Noise
Ratio (SINR), depends not only on the base station transmit power and the noise
at the receiver, but very strongly on the position of the receiver in the SFN as well
[RZ93]. The SINR is given by
SINR =
∑
i
PRx,i(di)
Nth +
∑
j
PRx,j(dj)
{
∀i with |di − dmin| ≤ dG
∀j with |dj − dmin| > dG
(4.1)
with Nth being the thermal receiver noise and with PRx,t denoting the received
power at the user terminal coming from transmitter t, which is located at a
distance dt from the receiver. The distance to the transmitter in the network
that is closest to the receiver is denoted by dmin. Signals from transmitters whose
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relative distance falls outside of the guard interval, i.e., |dj − dmin| > dG, result
in Inter-Symbol Interference (ISI) which is noticeable as noise at the receiver and
is therefore added to the thermal noise Nth. In contrast, transmitters inside the
guard interval, i.e., |di − dmin| ≤ dG, improve the SINR. This approach is valid
for an optimal synchronization and FFT window alignment at the receiver. Other
practical synchronization strategies are given in [BH03]. A successful transmission
with error-free decoding of data is thus possible if the SINR at the receiver exceeds
a certain threshold
SINR ≥ SNRmin, (4.2)
where SNRmin is the minimum Signal-to-Noise Ratio (SNR) required by the system.
It depends on the specific PHY layer used for broadcast transmission and its
parameterization. For both DVB-Tx and eMBMS, different SNRmin values have
been derived in Sections 3.2.3 and 3.3.3, respectively.
As mentioned before, a near-perfect synchronization of all transmitters par-
ticipating in one SFN is paramount for an optimal coverage and the creation
of large-area SFNs. Typically, a transmitter that loses synchronization has to
go off the air since it only generates noise for the receivers located in the SFN.
Design guidelines for synchronization in DVB-Tx are given in, e.g., [ETS04a]. Most
commonly, GPS-based synchronization methods are employed. In DVB-T a syn-
chronization time stamp (based on the 1pps signal of a GPS satellite) is inserted
for each mega frame (consisting of 68 OFDM symbols in the 8K mode with a
total length of approximately 0.5 s) [Fis09]. Several synchronization strategies that
apply for OFDM systems in general can be found in the literature [PR98, WHG07].
However, since SFN synchronization is out of the scope of this thesis, it is assumed
to be sufficiently precise in the following considerations.
Clearly, the design of an SFN depends on several other factors as well, which
will be discussed in the following. The received power PRx depends strongly on the
propagation of the radio waves. Two typical, standardized path loss models are used
for the SFN simulation in this thesis and will be presented in Section 4.2. Further-
more, there is a strong dependency on the implementation scenario, e.g., whether a
roof-top or an indoor reception is considered. The four different implementation
scenarios applied in this thesis are introduced in Section 4.3.
4.2 Propagation Modeling
A key characteristic is the path loss which models the attenuation of an electro-
magnetic wave and basically determines the strength of the useful signal at the
receiver. The path loss L is generally given by the difference of the transmitted
power PTx and the received power PRx in Watt as:
10 log(L) = 10 log
(
PTx
W
)
− 10 log
(
PRx
W
)
. (4.3)
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There exists a broad variety of different models for the path loss L with varying
degrees of abstraction. Most models depend at least on the carrier frequency f0
as well as the heights of the transmit antenna hTx and the receive antenna hRx.
In this thesis, two models are chosen for the propagation prediction: an extension
of the empirical Okumura-Hata model (s. Sec. 4.2.1) and a path-specific physical
model which takes into account terrain profiles (s. Sec. 4.2.2).
4.2.1 ITU-R P.529-3 (Extended Okumura-Hata)
A commonly used model for path loss prediction is the Okumura-Hata model, which
can be used for both point-to-point predictions and broadcast. The empirical model
was published in 1980 by Masaharu Hata [Hat80] and is based on propagation
studies by Okumura in and around Tokyo City which resulted in a set of curves of
field strength against distance [OOKF68]. Using the Okumura-Hata model, the
path loss can be written as
10 log(L) = 69.55 + 26.16 log
(
f0
MHz
)
− 13.82 log
(
hTx
m
)
− a
(
hRx
m
)
+
(
44.9− 6.55 log
(
hTx
m
))
log
(
d
km
)
(4.4)
with the environment-dependent correction value a which is defined for small and
medium-size cities as
a
(
hRx
m
)
=
(
1.1 log
(
f0
MHz
)
− 0.7
)(
hRx
m
)
−
(
1.56 log
(
f0
MHz
)
− 0.8
)
. (4.5)
Carrier frequency f0 150, . . . , 1500MHz
Effective transmitter height hTx 30, . . . , 200 m
Effective receiver height hRx 1, . . . , 10 m
Distance d 1, . . . , 20 km
Table 4.2: Range of validity for the Okumura-Hata model.
A disadvantage of the Okumura-Hata model is the limited range of up to only
20 km. In order to support larger distances between transmitter and receiver
(cf. Tab. 4.1), propagation curves based on measurements are given in the ITU
recommendation ITU-R P.529-3 [ITU99b]. The original Okumura-Hata equation is
modified accordingly to match those curves by introducing the correction exponent
b and thus extending the model to distances up to 100 km.
10 log(L) = 69.55 + 26.16 log
(
f0
MHz
)
− 13.82 log
(
hTx
m
)
− a
(
hRx
m
)
+
(
44.9− 6.55 log
(
hTx
m
))(
log
(
d
km
))b
(4.6)
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with a as given in (4.5) and
b = 1 for d ≤ 20 km
b = 1 +
(
0.14 + 1.87 · 10−4
(
f0
MHz
)
+ 1.07 · 10−3 · h′Tx
)(
log
( 1
20
d
km
))0.8
for 20 km < d ≤ 100 km
and
h′Tx =
(
hTx
m
)(
1 + 7 · 10−6
(
hTx
m
)2)− 12
Figure 4.2 shows the difference between the two path loss models for an exemplary
receiver height of hRx = 10m, e.g., a roof-top antenna, and a transmitter height
of hTx = 133m. The latter corresponds to the height above ground of the DVB-T
transmitter in Aachen (see App. B), which is used here as an example. Both
models are identical for distances up to d = 20 km while the ITU-R P.529-3 model
exhibits a higher, more realistic path loss for longer distances than the original
Okumura-Hata model.
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Figure 4.2: Comparison of the Okumura-Hata model with ITU-R P.529-3
(hTx = 133m, hRx = 10m and f0 = 500MHz).
4.2.2 ITU-R P.1812-3
A more precise path loss model taking into account the actual geographical envi-
ronment of a transmission path was introduced by the ITU with recommendation
ITU-R P.1812-3 [ITU13b]. In this recommendation, a procedure for determining
the path loss, based on a real physical model which employs complex path cal-
culation methods instead of measurements, was proposed. This model can be
used for path-specific terrestrial point-to-point predictions with transmitter-receiver
distances of up to 3000 km. The propagation prediction method takes account
of Line-of-Sight (LOS), diffraction, tropospheric scatter, and location variability,
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amongst other factors. With the input parameters given in Table 4.3, the basic
transmission loss not exceeded for p% time and pL% locations (in dB) is given by
10 log(L) = max
{
Lb0p, Lbc + Lloc − I
(
pL
100
)
· σloc
}
(4.7)
with Lb0p being the basic transmission loss not exceeded for p% time and 50 %
locations associated with LOS with short term enhancements, Lbc being the basic
transmission loss not exceeded for p% time and 50 % locations, including the effects
of terminal clutter, Lloc being the median value of location loss (Lloc = 0 for
outdoors), I(x) being the inverse complimentary cumulative normal distribution as
a function of probability x, and σloc being the combined standard deviation, i.e.,
building entry loss and location variability.
For the calculation of the path loss in case of a point-to-point connection,
knowledge about the terrain in-between those two points is required. Therefore,
for each path with a total length of dn a path profile consisting of i = 1, . . . , n
equidistant profile points di is constructed based on the digital terrain model
DGM1000 [BKG13a] which was published by the Federal Agency for Cartography
and Geodesy (Bundesamt für Kartographie und Geodäsie). The equidistant profile
points are extracted out of the topographic data set and sampled according to
the guidelines given in ITU-R P.1058-1 [ITU97]. Since it is also necessary to
determine the clutter (ground cover) for each profile point, the digital landscape
model DLM1000 [BKG13b] is additionally used to distinguish between urban and
rural/open spaces.
The influence of the different physical path loss models is demonstrated by
the comparison of the ITU-R P.1812-3 propagation method with the previously
introduced ITU-R P.529-3 method. The Aachen DVB-T transmitter with a height
of hTx = 133m (see App. B) and a receiver with a height of hRx = 10m are
used exemplarily. Figure 4.3(a) shows the terrain height profile with sampled
profile points according to ITU-R P.1058-1 [ITU97] starting at the transmitter
(d = 0 km) and going towards east for 100 km. This terrain profile is the basis
for determining the path loss with the ITU-R P.1812-3 method. Furthermore, in
analogy with [Ofc12a], it is assumed that p = 50 % and pL = 95 % in case of the
ITU-R P.1812-3 method. The resulting path loss of both propagation models is
depicted in Figure 4.3(b). The ITU-R P.1812-3 path loss exhibits the expected
strong dependency on the terrain height. Using ITU-R P.1812-3 results in a
generally higher path loss which will prove to be a challenge for the SFN design.
Especially for higher distances the ITU-R P.529-3 model underestimates the path
loss by up to 28dB.
4.3 Reception Scenarios
In order to reflect different broadcasting reception scenarios, especially in regard to
the movement and the location of the receiver, this thesis considers four different
scenarios. An overview of all scenarios and their parameters is given in Table 4.4.
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Carrier frequency f0 30, . . . , 3000 MHz
Antenna height above ground hTx, hRx 1, . . . , 3000 m
Latitude of transmitter/receiver ϕTx, ϕRx −80◦, . . . , 80◦
Longitude of transmitter/receiver ψTx, ψRx −180◦, . . . , 180◦
Distance from transmitter to profile point i di in km
Height of profile point i above sea level hi in m
Percentage of average year for which the cal-
culated signal level is exceeded
p 1 %, . . . , 50 %
Percentage of locations for which the calcu-
lated signal level is exceeded
pL 1 %, . . . , 99 %
Table 4.3: Input parameters of the ITU-R P.1812-3 propagation model.
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(a) Height of sampled terrain profile points.
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(b) Path loss for ITU-R P.1812-3 and ITU-R P.529-3.
Figure 4.3: Comparison of the ITU-R P.1812-3 path loss model with ITU-
R P.529-3, with hTx = 133m, hRx = 10m and f0 = 500MHz.
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The first two scenarios, A1 and A2, represent a fixed outdoor reception for two
different receiver heights, e.g., a roof-top antenna reception in case of scenario
A1. The other two scenarios which have been adapted from [BMC09], stand for a
less favorable portable reception (assuming an average receiver speed of 3 km/h).
Scenarios B and C represent an outdoor pedestrian reception and a light indoor
reception, respectively. In the latter scenarios, in addition to the path loss L, link
losses LL have to be considered which incorporate receiver movement and (in case
of indoor reception) penetration loss LP . The total link loss is given by
10 log (LL) = LP + σ · µ+ L0. (4.8)
Additionally, for all four implemented scenarios the thermal noise Nth at the receiver
[Fis09, BMC09] is calculated by
10 log (Nth) = 10 log
(
B
Hz
)
+ 10 log
(
k
Ws/K
)
+ 10 log
(
T0
K
)
+ F
= 10 log
(
B
MHz
)
− 137dB. (4.9)
Fixed Portable
Outdoor Outdoor Indoor
A1 A2 B C
Receiver Height hRx 10m 2m 2m 2m
Penetration Loss LP — — — 9 dB
Field Strength Variation σ — — 5.5 dB 7.4 dB
Correction Coefficient (95%) µ — — 1.64 1.64
Other Receiver Losses L0 — — 3 dB 3 dB
Noise Figure [ETS08] F 7dB
Temperature T0 17 ◦C =ˆ 290 ◦K
Boltzmann’s Constant k 1.38 · 10−23 Ws/K
Table 4.4: Parameters of the four reception scenarios.
4.4 Coverage Calculation and Optimization
The performance of a Single Frequency Network (SFN) can be assessed by calculat-
ing the reception coverage of the SFN area. In order to determine the coverage C,
a rectangular simulation grid is superimposed with the investigated area. For each
of the NG grid points (xk, yk) the Signal-to-Interference-plus-Noise Ratio (SINR)
is calculated according to Equation (4.1). As stated before, the SINR depends
highly on the location of both transmitters and receivers, the path loss L and the
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reception scenario (link loss LL). Substituting PRx with Equation (4.3) and taking
into account the link losses as given by Equation (4.8), the SINR for each grid
point (xk, yk) is calculated by
SINR(xk, yk) =
∑
i
PTx,i
LL·L(di)
Nth +
∑
j
PTx,j
LL·L(dj)
{
∀i with |di − dmin| ≤ dG
∀j with |dj − dmin| > dG
(4.10)
with dt = ||(xk, yk)− (xt, yt)||2 being the distance from grid point k to the trans-
mitter t. Using Equation (4.2) the coverage C of the area is thus given by
C =
∑
(xk,yk)
1
NG
· 100 % ∀k with SINR(xk, yk) ≥ SNRmin. (4.11)
Since the goal is optimal reception for all users receiving broadcast data in the
SFN, the transmit powers PTx of all transmitters have to be optimized to allow for
a sufficiently high Signal-to-Interference-plus-Noise Ratio (SINR) at each receiver.
It has to be kept in mind that the purpose of such an optimization must not be
understood as an actual roll-out proposal, but as an approximation to evaluate the
general feasibility of the investigated physical layer in terms of SFN performance.
Determining optimal transmit powers results in a convex optimization problem
which can be solved efficiently by linear programming [BV09, Van14]. The Linear
Program (LP) which solves the optimization problem can be stated as follows:
the total transmit power of all NTx base stations located at positions (xt, yt) is
minimized by
min
∑
t
PTx,t for t = 1, . . . , NTx (4.12)
subject to∑
i
PTx,i
LL·L(di)
Nth +
∑
j
PTx,j
LL·L(dj)
≥ SNRmin
{
∀i with |di − dmin| ≤ dG
∀j with |dj − dmin| > dG
(4.13)
with
0 ≤ PTx,t ≤ PTx,max for t = 1, . . . , NTx. (4.14)
Since the inequality in Equation (4.13) has to be constructed for each measurement
point (xk, yk), the final linear program will consist of NG inequations in total.
Rearranging Equation (4.13) to fulfill the requirements of the linear program yields:
−
∑
i
PTx,i
L(di)
+ SNRmin ·
∑
j
PTx,j
L(dj)
≤ − (Nth · LL) · SNRmin. (4.15)
In the following, this algorithm will be utilized to assess the system level
performance of DVB-T2 and eMBMS in Sections 5.2.1 and 5.3.1, respectively.
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It should be noted that this optimization problem can grow quite complex. For
example, an optimization of the DVB-T coverage in North Rhine-Westphalia (NRW)
with its NTx = 22 base stations and a simulation grid size of 1 km results in a
linear system of inequations with NTx = 22 variables and NG = 34089 constraints.
The well-known CPLEX optimization software [IBM14] can be used for efficiently
solving such a linear program.
However, one must not forget that a perfect coverage, i.e., C = 100 %, is a
very idealistic assumption which in reality can hardly be achieved. Therefore, a
near-perfect coverage C′ . 100 % can be deemed sufficient in most cases. In order
to allow for an optimal transmitter assignment in this case, the LP is executed
twice. After the first optimization (leading to C = 100 %), the number of simulation
grid points is reduced by omitting the grid points with the lowest SINR. The grid
is thus reduced to N ′G grid points with
N ′G = round
(
C′
100 % ·NG
)
. (4.16)
A second optimization based on the new reduced constraint set results thus in an
optimal transmitter assignment for an SFN network with a lower coverage C′.
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Concepts for Future
Digital Terrestrial Television
This chapter introduces several scenarios for future terrestrial broadcast based
on the different physical layer concepts presented in Chapter 3. All scenarios
will be analyzed in terms of data rate, frequency efficiency, coverage and total
transmit power. Furthermore, for each scenario migration strategies and deployment
aspects are discussed. Coverage simulations according to Chapter 4 are performed
exemplarily for the German federal state of North Rhine-Westphalia (NRW) which
represents a mixture of urban and rural areas.
5.1 From DVB-T to DVB-T2
DVB-T2 is the successor of the current digital terrestrial television standard DVB-T.
It has been shown in Section 3.2.3 that there are two basic possibilities to exploit the
advantages of the DVB-T2 physical layer in comparison to DVB-T (see Tab. 5.1).
In a DVB-T2 setup that exhibits a similar maximum data rate Rmax compared to
FFT δG I r SNRmin Rmax
DVB-T
(current setup) 8K 1/4 4 2/3 12.1dB 13.27Mbit/s
DVB-T2
(similar Rmax)
8K 1/4 4 3/5 7.4dB 14.28Mbit/s
DVB-T2
(similar SNRmin)
8K 1/4 4 5/6 11.4dB 19.88Mbit/s
Table 5.1: Possible DVB-T2 setups.
DVB-T, the minimum signal-to-noise ratio SNRmin that is needed at the receiver for
successful transmission can be decreased by approximately 4.7 dB. The impact on
the system performance will be discussed in Section 5.1.1. Alternatively, DVB-T2
can be used to increase the data rate Rmax by approximately 6.5Mbit/s at the
same SNRmin as DVB-T. The effects of the data rate gain in combination with
more efficient video coding will be further discussed in Section 5.1.2. Obviously,
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there exists a multitude of further DVB-T2 setups that could provide even higher
data rates. An overview over various current DVB-T2 implementations in Europe
can be found in Section 5.1.4.
5.1.1 Coverage Simulations for NRW
The coverage performance of the two DVB-Tx physical layers is simulated for the
transmission of the ZDF program multiplex in North Rhine-Westphalia (NRW),
exemplarily. Currently, DVB-T in NRW is transmitted in a Multiple Frequency
Network (MFN). It was already shown in Figure 2.4(a) (p. 9), that five differ-
ent frequency channels are needed for the transmission of the transport stream.
Therefore, all 20 DVB-T base stations used for transmission consume a total of
5× 8MHz = 40MHz of frequency bandwidth as allocated in GE06 [ITU06]. With
the individual transmit powers as given in Figure 5.1, the total Effective Radiated
Power (ERP) of all base stations for the transmission of the ZDF multiplex adds
up to Ptot = 591 kW. Details about all base station parameters in NRW can be
found in Appendix B. In case of an SFN setup, all base stations are assumed to
transmit with a common fixed carrier frequency of f0 ∈ {500MHz, 700MHz} and
a total bandwidth of only 8MHz. Transmit powers PTx are chosen according to the
currently existing DVB-T setup in NRW. For DVB-T2, the same network setup is
assumed. Physical layer parameters are chosen for all cases according to Table 5.1.
PTx = 3 kW
PTx = 5 kW
PTx = 20 kW
PTx = 50 kW
Figure 5.1: Transmitters in NRW transmitting the ZDF program multiplex
and their transmit power PTx.
Coverage simulation results for f0 = 500MHz are shown in Fig. 5.2 and Fig. 5.3
for P.529 and for P.1812 propagation, respectively. The P.1812 propagation model
uses a digital terrain model as detailed in Section 4.2.2. The coverage is calculated
based on Equation (4.11) and values for SNRmin as given in Table 5.1. A full
overview over the simulation results can be found in Appendix E.1. The switchover
from DVB-T to DVB-T2 results in a coverage increase of up to 18 percentage
points due to the lower SNRmin for DVB-T2. Although the coverage obviously
depends very strongly on the considered propagation model and reception scenario
(cf. Tab. 4.4, p. 72), a general coverage increase can be observed for all cases. The
extended coverage is especially visible for the reception scenarios B and C, while
the very favorable scenarios A1 and A2 only exhibit a slight increase. Further
76
5.1 From DVB-T to DVB-T2
MFN
DVB-T
MFN
DVB-T2
SFN
DVB-T
SFN
DVB-T2
0
20
40
60
80
100
C
ov
er
ag
e
of
N
RW
in
%
A1 A2 B C
Figure 5.2: Coverage of NRW for DVB-T and DVB-T2 for P.529 propaga-
tion (simulated with 8K, 1/4 and f0 = 500MHz ).
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Figure 5.3: Coverage of NRW for DVB-T and DVB-T2 for P.1812 propa-
gation (simulated with 8K, 1/4 and f0 = 500MHz).
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Figure 5.4: Coverage of NRW for a DVB-T2 SFN, f0 = 500MHz, P.1812
propagation and different guard intervals TG.
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coverage gains in some cases can be realized by SFN transmission, since receivers can
constructively combine signals from multiple transmitters as long as the transmitters
are located within the guard interval. It can be concluded that the switchover from
an MFN DVB-T network to a DVB-T2 network exploiting the SFN capabilities is
highly beneficial in terms of coverage and frequency efficiency. For indoor reception
and P.1812 propagation, it can be seen that the switchover yields a coverage increase
of 26 percentage points while at the same time reducing the frequency consumption
by a factor of 5. The coverage simulations for f0 = 700MHz (see Appendix E.1)
are also consistent with those findings. However, the coverage is generally lower for
higher frequencies due to less favorable propagation conditions.
The simulations also reveal how the coverage is influenced by FFT length and
guard interval. In DVB-T2, there exists a total of 31 allowed combinations of
various FFT lengths and guard intervals (see Sec. 3.2.2). A longer guard interval TG
increases the coverage of an SFN network because signals from farther transmitters
are still interfering constructively and are thus contributing to a higher SINR at the
receiver. This relationship is visualized in Figure 5.4 where the coverage of NRW
in a DVB-T2 SFN is shown for f0 = 500MHz and P.1812 propagation, exemplarily.
Since the relative guard interval δG is kept constant, the data rate is the same for
all four cases. For higher FFT lengths (>8K) there is no visible coverage increase
anymore due to the fact that the average base station distance is already much
shorter than the guard distance (e.g., dG = 159.49 km in case of 32K, δG = 19/128).
Alternatively, the OFDM setup can be used to increase the maximum data rate.
Increasing the FFT length while shortening the relative guard interval leads to
slightly higher maximum data rates (see Tab. 5.2). Since the guard distance dG
remains constant, the coverage performance of DVB-T2 does not change in those
cases. Again, the longest possible guard distance is given as reference.
FFT δG TG Rmax
8K 1/4 224µs 14.28Mbit/s
16K 1/8 224µs 15.81Mbit/s
32K 1/16 224µs 16.74Mbit/s
32K 19/128 532µs 15.49Mbit/s
Table 5.2: Data rate increase in DVB-T2 for different combinations of
FFT length and guard interval.
Finally, the coverage simulations can be used to show the differences between
the two propagation models. A heatmap depicting the SINR in NRW for a DVB-T2
SFN is shown for P.529 propagation in Figure 5.5 and for P.1812 propagation in
Figure 5.6. The P.1812 propagation model incorporates terrain specific information
like terrain profile or height and is a more realistic propagation estimation. Therefore
the SINR heatmap appears much more fragmented, especially in the lower mountain
ranges in the south-east of the state.
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Figure 5.5: SINR (in dB) in NRW for a DVB-T2 SFN (Coverage: 100 %)
for P.529 propagation and the A2 reception scenario (simulated
with 8K, 1/4 and f0 = 500MHz)
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Figure 5.6: SINR (in dB) in NRW for a DVB-T2 SFN (Coverage: 93.19 %)
for P.1812 propagation and the A2 reception scenario (simu-
lated with 8K, 1/4 and f0 = 500MHz)
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5.1.2 Evolution of Video Coding
The evolution of digital video broadcast is also an evolution of video coding. Since
a digital Standard Definition (SD) video signal (resolution of 720 × 576 pixels,
frame rate 25p) has a data rate of approximately 270Mbit/s, it is necessary to
apply video coding and compression. For Full High Definition (Full HD) video
(1920 × 1080 resolution) the uncompressed data rate can even be higher than
1.2Gbit/s [Fis09]. Generally, all current video coding standards follow the so-called
block-based hybrid video coding approach where each block of a picture is either
intra-picture coded, i.e,. encoded in the spatial domain, or inter-picture coded, i.e,
a video block is temporally predicted by using blocks of an already coded picture.
The latter is the key concept for utilizing the large amount of temporal redundancy
in video sequences. Despite being derived from the same basic design idea, all
standards differ in various aspects that lead to the significant improvement of coding
efficiency from one generation to the next [OSS+12]. There exist several options
for video coding for digital terrestrial television which will be shortly discussed in
the following.
DVB-T uses the ITU-T H.262 [ITU12c] video codec (identical to ISO/IEC
MPEG-2). It was developed as a joint project of ITU-T and ISO/IEC and was
finalized in 1994. H.262 provides scalability in the spatial, the temporal and the
SNR domain and is the first video standard to enable layered coding where the
video quality of a base layer can be improved by additional information from up to
two optional enhancement layers [Ohm05]. In the German DVB-T system, each
MPEG-2 coded TV program consumes a data rate of 2.5− 4Mbit/s providing an
SD video quality that is comparable to the analog Phase Alternating Line (PAL)
system. Therefore, a maximum DVB-T data rate of 13.27Mbit/s per frequency
channel allows for the transmission of 4 MPEG-2 program streams in one transport
stream. Table 5.3 shows the number of TV programs for all three presented video
codecs and three different resolutions (SD, HD, Full HD).
H.262 H.264 H.265
(MPEG-2) (MPEG-4) (HEVC)
Rmax SD HD Full HD SD HD Full HD SD HD Full HD
DVB-T 13.27Mbit/s 4 1 0 7 2 1 12 4 2DVB-T2 14.28Mbit/s
DVB-T2 19.88Mbit/s 6 2 0 11 3 1 19 6 3
DVB-T2 36.55Mbit/s 11 3 1 19 5 3 33 11 5
Table 5.3: Estimated average number of TV programs for different DVB-
Tx setups with different video codecs and resolutions (SD:
720× 576, HD: 1280× 720, Full HD: 1920× 1080).
The video codec H.264/MPEG-4 Advanced Video Coding (AVC) [ITU14] was
driven by a need for more efficiency and flexible scalability and has widely replaced
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its predecessor H.262. It is already used for many applications, including digital
television via satellite, internet and mobile network video, Blu-ray Discs, as well as
real-time communication, e.g., video chat and conferencing. In DVB-T, the more
efficient coding allows for a higher number of SD programs or, alternatively, the
efficient transmission of HD video content (1280× 720 resolution). From a network
operator’s point of view, the migration from H.262 to H.264 in DVB-T is an efficient
way of gaining more quality or capacity without drastic changes of the network
infrastructure, since in most cases only a software update of the multiplex will be
necessary. Furthermore, H.264 program streams can be seamlessly integrated in
the transport stream together with common H.262 program streams [PS09]. For
end-users with a combined DVB-T device that is also capable of decoding DVB-S2
signals, the switchover will be barely noticeable since those devices are already
H.264-capable. However, users with other devices will be forced to invest in new
receiver hardware. In Germany, currently only the RTL television group uses H.264
for the distribution of their (encrypted) terrestrial TV program in Stuttgart.
The desire for even higher quality and resolution (Full HD video and beyond-HD
formats with a resolution of 4096× 2304 pixels and higher), the increasing diversity
of services and devices, as well as the growing traffic demands caused by mobile
video applications and video-on-demand services have led to the development of
the H.265 High Efficiency Video Coding (HEVC) standard [ITU13a] in 2013. It
is well suited for parallel processing and can trade off computational complexity,
compression rate, error robustness and encoding delay very flexibly [SOHW12].
Compared to existing standards, H.265 exhibits a significantly improved compression
performance and enables a bit-rate reduction of around 50 % for equal perceptual
video quality [OSS+12]. As shown in Table 5.3, H.265 significantly increases the
number of TV programs that can be transmitted over one DVB-T channel. Both
software and hardware implementations of the H.265 codec have already been
realized. Consumer products, e.g., HEVC-capable television sets, will be available
for a rollout of DVB-T2.
5.1.3 Migration Strategies and Content Distribution
One of the goals of the 2013 coalition treaty of the German government [CDU13]
is the realization of a second Digital Dividend with the transition from DVB-T to
DVB-T2 and thus opening up the 700MHz band (694MHz – 790MHz) for mobile
broadband (cf. Sec. 2.1.2). The switchover is envisioned to start in 2017 [ARD14].
Since DVB-T2 is not backwards compatible with DVB-T, an abrupt switch-over is
not accepted. On the network operator’s side a significant part of the infrastructure,
e.g., modulators, SFN gateways or content contribution networks have to be
replaced or upgraded, while antenna-related infrastructure, e.g., mast, amplifiers
or repeaters, can mostly be re-used [EBU13]. For the consumer, new TV sets or
at least additional set-top boxes are necessary for DVB-T2 reception. Although a
short-term transition is possible from a technical point of view, consumers are used
to longer renewal cycles of TV receiving equipment and it will thus be difficult
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to convince them of an immediate investment in new equipment. Therefore, a
transition period (with both systems existing in parallel) is needed to ease the
introduction of DVB-T2. Furthermore, it has to be conveyed to the consumer that
the new system brings significant additional benefits in order to prevent losing
consumers to other platforms (e.g., DVB-S2). It is questionable whether a vague
promise of better quality (more programs, transmission in HD) will sufficiently
distinguish the new DVB-T2 service from other platforms and whether it will be
enough for the user to embrace the new technology.
In general, frequency re-planning for a new DVB-T2 system is not necessary
when current transmitter positions and powers remain the same as in DVB-T
since the existing GE06 plan structure [ITU06] can be retained. Additionally,
each DVB-T2 implementation has to be in line with the spectrum mask of the
corresponding GE06 plan entry. The latter can be achieved easily since all DVB-T2
parameterizations are compatible with the GE06 plan in case an 8MHz channel
grid is used [ITU12d]. However, a transition to DVB-T2 should be taken as an
opportunity to increase the frequency efficiency. In order to exploit the SFN
capabilities of DVB-T2, a new DVB-T2 network should be operated in the highest
FFT mode (32K). The 32K mode has been shown to sufficiently provide the
necessary transmission speed and robustness even in highly mobile scenarios with
receiver speeds of up to 100 km/h [SSZR13]. As shown before, the 32K FFT mode
in combination with a relative guard interval of δG = 19/128 results in a guard
distance of dG = 159.49 km and thus enables large SFNs which can reduce the
frequency consumption of DVB-T2. However, the implementation of a nation-wide
SFN remains unlikely since the High Tower High Power (HTHP) broadcast topology
might still cause interference that cannot be compensated despite the relatively
large guard intervals available in DVB-T2. Finally, it has to be kept in mind that
additional frequencies might be needed during a recommended transition period in
which both DVB-T and DVB-T2 co-exist in parallel.
The rollout of a new DVB-T2 system will be combined with H.265 (HEVC)
video coding [ITU13a]. The benefits of this codec in terms of coding efficiency have
already been highlighted in Section 5.1.2. It allows for a significant increase of the
number of TV programs per frequency channel and additionally allows terrestrial
transmission of HDTV. Furthermore, the codec supports services that are not
relevant to TV yet, e.g., UltraHD or multiview [SOHW12], which might nonetheless
become a more integral part of a future TV landscape. The cost of introducing a
new video codec is basically independent of the new codec for both the network
operators and the consumers. Switching to DVB-T2 too early should be avoided
since HEVC-capable consumer devices have not been developed yet. However, it is
safe to assume they will be available for a potential rollout of DVB-T2 in 2017.
5.1.4 Examples of DVB-T2 in Europe
As shown in Figure 2.5, DVB-T2 has already been adopted by several countries
worldwide. This chapter presents various successful implementations of DVB-T2
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for selected countries in Europe as of August 2014. The United Kingdom was the
first European country to introduce DVB-T2 in 2009. Three DVB-T2 multiplexes
were created either by setting up new DVB-T2 transmitters or by retro-fitting older
DVB-T sites. Sweden started introducing two new DVB-T2 multiplexes in 2010.
A gradual transition of the remaining DVB-T multiplexes until 2020 is planned.
In Denmark, DVB-T2 has been adopted in 2012 by retro-fitting previous DVB-T
multiplexes. Austria launched three new DVB-T2 multiplexes in 2013. An overview
of the DVB-T and DVB-T2 multiplexes in those countries is given in Table 5.4.
DVB-T DVB-T2
MUX Codec MUX Codec pay-TV
Austria 3 H.262 SD 3 H.264 SD/HD partial
Denmark 4 H.264 SD/HD 2 H.264 HD partial
Sweden 5 H.262/H.264 SD 2 H.264 HD partial
UK 5 H.262 SD 3 H.264 HD no
Germany 3− 9 H.262 SD — — —(H.264 HD)1
Table 5.4: Number of DVB-T and DVB-T2 multiplexes and their video
codecs in selected European countries.
It can be seen that all DVB-T2 implementations use the H.264 (MPEG-4)
codec for video compression. The gain in coding efficiency is mostly used for the
transmission of HD programs. In most countries DVB-T2 was established so that
terrestrial TV could stay competitive to other platforms like cable or satellite with
HD video and an enhanced program diversity as main marketing factors. It is
obvious that pay-TV is one the driving business models behind DVB-T2, since
users are required to pay for DVB-T2 HD content in most countries. In most
countries, e.g., in Austria or Sweden, only the HD versions of the public service
broadcast programs are free-to-air (no additional fees for consumers), while other
(private) broadcast programs are offered as pay-TV.
Table 5.5 shows the physical layer parameters of each DVB-T2 implementation
(the German DVB-T parameters are shown for comparison). All implementations
are based on the current MFN model and thus comply with frequency allotments
assigned in the GE06 plan since no additional frequency planning is necessary as
long as basic transmitter characteristics, e.g., transmit power or antenna position,
remain unchanged. However, this hinders the opportunity to build larger nation-
wide SFNs. Instead the parameterization of DVB-T2 aims at a maximization of
the data rate: all implementations presented here use the longest FFT length
(32K) and high modulation schemes (I ≥ 6). In combination with a guard distance
of TG = 224µs which is sufficiently large for interference elimination since only,
if at all, smaller SFNs are used, maximum data rates of up to 36.55Mbit/s are
1Only RTL pay-TV in Stuttgart.
83
Chapter 5 – Concepts for Future Digital Terrestrial Television
achieved. As shown in Section 5.1.2, this data rate is sufficient to broadcast up to
five H.264-coded HDTV programs.
FFT I r TG Rmax
Austria 32K 6 3/4 224µs 30.31Mbit/s
Denmark 32K 8 2/3 224µs 36.55Mbit/s
Sweden 32K 8 2/3 224µs 36.55Mbit/s
UK 32K 8 2/3 224µs 36.55Mbit/s
Germany (DVB-T) 8K 4 2/3 224µs 13.27Mbit/s
Table 5.5: DVB-T2 parameters in selected European countries. DVB-T
parameters of Germany are shown for comparison.
5.2 High Tower, High Power vs. Low Tower, Low Power
In the previous section, it was shown that the current High Tower High Power
(HTHP) topology for terrestrial broadcast impedes the design of large SFNs despite
the flexible guard interval employed in the DVB-Tx physical layer. Therefore,
network topologies that are characterized by Low Tower Low Power (LTLP) trans-
mitters and thus by a smaller Inter-Site Distance (ISD), might be an advantageous
alternative for terrestrial broadcast. As detailed in Chapter 4, LTLP topologies
have the benefit of a significantly reduced interference at distant base stations.
DVB-T (NTx = 22) C-Net (NTx = 99) GSM (NTx = 4646)
Figure 5.7: Base stations locations of three different networks (DVB-T,
former C-Net, GSM) in NRW.
In the following, the three different network topologies2 shown in Figure 5.7
are considered. The 22 base station locations of the current DVB-T network
(see App. B) stand for the typical HTHP topology, while the 4646 base stations of
2Information on transmitter sites (including location coordinates and antenna heights)
for both GSM and C-Net topology was kindly provided by the Deutsche Telekom.
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the GSM network represent an LTLP scenario with an average transmitter height
of h¯Tx = 28m. Additionally, the base station locations of the former C-Net are
used as an intermediate scenario. The C-Net was the third and last analog mobile
communication network in Germany. It was rolled out in 1985 and switched off by
the end of 2000 after the introduction of GSM [Shi07]. In the context of this analysis,
the C-Net network topology with a medium average ISD of 17 km is perfectly suited
as a compromise between a high tower and a low tower broadcast approach. The
GSM network topology was selected as an LTLP scenario, since it illustrates a
mobile network which is already characterized by a near-perfect coverage. All main
parameters of the three considered network topologies (number of transmitters
NTx, average antenna height above ground h¯Tx and average inter-site distance) are
summarized in Table 5.6.
Topology NTx h¯Tx av. ISD
DVB-T 22 177m 40 km
C-Net 99 99m 17 km
GSM 4646 28m 2 km
Table 5.6: Number of transmitters NTx, average antenna height above
ground h¯Tx and average inter-site distance for three different
network topologies.
5.2.1 Coverage Simulations for NRW
For the comparison of the three different network topologies for DVB-T2 broadcast,
the optimization algorithm presented in Section 4.4 was used to determine optimal
transmit powers for a perfect coverage (C = 100 %). As in the previous chapter,
North Rhine-Westphalia (NRW) represents the exemplary coverage area. The
DVB-T2 physical layer was set up with the longest FFT length (32K). An excerpt
of the simulation results for DVB-T2, listing the total transmit power Ptot and
the number of required transmitter sites NTx, can be found in Table 5.7. Those
simulations were conducted with a relative guard interval of δG = 19/128, a common
carrier frequency of f0 = 500MHz, and the A2 reception scenario according to
Table 4.4. Exhaustive results including all reception scenarios, guard interval
lengths, as well as simulations for f0 = 700MHz can be found in Appendix E.3. To
further visualize the results of the coverage optimizations, two heatmaps depicting
the SINR for two exemplary simulations with P.1812 propagation (based on the
digital terrain model detailed in Section 4.2.2) can be found in Figure 5.8 for the
C-Net topology and in Figure 5.9 for the GSM topology, respectively.
It is evident that denser network topologies allow a more flexible SFN design and
thus a significant reduction of the total frequency consumption, as the combination
of a long guard interval with shorter ISDs yields a noticeably lower interference.
Within the SFN in NRW, only a single frequency channel (8MHz bandwidth) is
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needed for the transmission of one DVB-T2 multiplex. Furthermore, the small
cell structure results not only in a rather low transmit power of each transmitter
compared to the current high tower DVB-T broadcast, but also in a significantly
lower total transmit power Ptot. A low ISD is therefore a major contributing factor
for reducing the transmit power while at the same time the spectral efficiency of a
broadcast network is increased. As shown in Figures 5.8 and 5.9, a denser network
topology additionally leads to a more uniform distribution of transmit power over
the area. The combination of the small ISDs with the long guard spaces of DVB-T2
is thus highly beneficial for the implementation of nation-wide SFNs. An estimate
of the necessary frequency resources for such an SFN, which complies with the
constraints of the GE06 frequency plan, is given in Section 6.1.
It can also be seen that not all the available transmitter sites are used, as sites
with a negligibly small transmit power can be disregarded. Both the C-Net and
the GSM topology are originally intended for unicast transmission which requires a
denser network in urban, densely populated areas where higher traffic loads have to
be expected. Since both topologies are here re-interpreted for broadcast, such dense
cell clusters are not necessary anymore. Therefore, on average only 40 to 50% of the
available transmit sites have actually to be utilized for achieving a perfect coverage
with DVB-T2. Nonetheless, the number of necessary transmitters is obviously
much higher compared to the current HTHP DVB-T network. Consequences of a
significantly increased number of transmitters are discussed in Section 5.2.2.
Especially for the more realistic P.1812 propagation model, the total transmit
power may seem unreasonably high at first. However, the optimization criterion
here was a perfect coverage (C = 100 %), a very idealistic assumption which in
reality can not be achieved for financial and technical reasons. In fact, with regard
to overall Germany, a perfect coverage is not even necessary anyway, since only
90% of the area needs to be covered in order to cover the mandatory 98% of the
population [BS14b]. Therefore, the optimization for a near-perfect coverage with
C = 97 % and C = 91 % (cf. Sec. 4.4) was additionally performed. Results for
both cases are given in Tables 5.8 and 5.9, respectively. Transmit power Ptot and
coverage C for the distribution of the ZDF multiplex in the current HTHP DVB-T
network (as determined in Section 5.1.1) are given in Table 5.10 as reference. It can
be seen that the requirement of a slightly smaller coverage (C = 97 %, Tab. 5.8)
significantly reduces the required total transmit power. In case of near-perfect
coverage, both the DVB and the C-Net topology exhibit highly similar transmit
powers; for the more realistic P.1812 propagation and C = 97 % transmit powers are
even in the same order of magnitude as the transmit power in the current HTHP
DVB-T network. For the GSM topology, the effects of the coverage reduction on
the Ptot are minute, as only a low transmit power is required in case of perfect
coverage anyway.
Finally, it is important to note that the coverage optimization is not intended as
an actual roll-out proposal, but a relative comparison of the three network topologies
and thus a feasibility study of the low tower broadcast concept. Since the opti-
mization depends strongly on the underlying propagation model and the reception
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C = 100 % DVB sites C-Net sites GSM sites
P.529 Ptot 94 kW 77 kW 19 kW
NTx 14/22 39/99 2008/4646
P.1812 Ptot 6689 kW 2730 kW 28 kW
NTx 14/22 96/99 1618/4646
Table 5.7: Coverage optimization of NRW for DVB-T2 for different prop-
agation models, A2 reception and a coverage of C = 100 %
(simulated with 32K, 19/128 and f0 = 500MHz).
C = 97 % DVB sites C-Net sites GSM sites
P.529 Ptot 73 kW 69 kW 17 kW
NTx 16/22 45/99 2184/4646
P.1812 Ptot 784 kW 651 kW 11 kW
NTx 11/22 50/99 1992/4646
Table 5.8: Coverage optimization of NRW for DVB-T2 for different prop-
agation models, A2 reception and a coverage of C = 97 %
(simulated with 32K, 19/128 and f0 = 500MHz).
C = 91 % DVB sites C-Net sites GSM sites
P.529 Ptot 58 kW 57 kW 16 kW
NTx 16/22 55/99 2075/4646
P.1812 Ptot 224 kW 287 kW 10 kW
NTx 13/22 56/99 1892/4646
Table 5.9: Coverage optimization of NRW for DVB-T2 for different prop-
agation models, A2 reception and a coverage of C = 91 %
(simulated with 32K, 19/128 and f0 = 500MHz).
P.529 P.1812
Ptot 591 kW
NTx 20
C 97.4% 91.3%
Table 5.10: Coverage of NRW for the current implementation of DVB-T
(ZDF multiplex) according to Sec. 5.1.1 for different prop-
agation models and A2 reception (simulated with 8K, 1/4,
f0 = 500MHz).
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Figure 5.8: SINR (in dB) in NRW for a DVB-T2 SFN (Coverage: 100 %)
with 96 sites (C-Net topology) for P.1812 propagation and
the A2 reception scenario (simulated with 32K, 19/128 and
f0 = 500MHz)
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Figure 5.9: SINR (in dB) in NRW for a DVB-T2 SFN (Coverage: 100 %)
with 1618 sites (GSM topology) for P.1812 propagation and
the A2 reception scenario (simulated with 32K, 19/128 and
f0 = 500MHz)
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scenario, the average optimal transmit powers vary considerably (cf. Tab. 5.7 – 5.9).
Therefore, the optimization was conducted for a wide range of different setups
(see App. E.3 for a complete summary of the results) in order to generally prove
the validity of the LTLP concept for DVB-T2.
5.2.2 Migration Strategies and Content Distribution
The impact of a transition from the current DVB-T network to DVB-T2 while
retaining the High Tower High Power (HTHP) network infrastructure, has already
been detailed in Section 5.1.3. In contrast, the transition to a Low Tower Low
Power (LTLP) broadcast network as discussed in this section poses an even greater
challenge. On the one hand, operators benefit from a very high spectral efficiency,
i.e., a low frequency re-use, due to a significantly reduced interference. The main
reason is the combination of the short ISDs in the network with the possible long
guard intervals of DVB-T2. Thus, the dense low tower network infrastructure
allows for a nation-wide SFN with a total bandwidth consumption of only 8MHz
per multiplex. Operators may additionally expect energy savings, as the necessary
total transmit power for the low tower network is lower compared to an high tower
network. On the other hand, network operators have to plan for a substantially
higher roll-out expenditure, as a much larger number of transmitters is necessary
to deploy a low tower DVB-T2 network.
In the previous section, two different low tower network topologies were analyzed.
Broadcast with DVB-T2 based on the GSM network topology can be considered
as an hypothetical case: As shown in Tables 5.7 – 5.9, approximately 2000 base
stations are necessary in order to provide a sufficient coverage in NRW. In contrast,
only 22 base stations are currently used for broadcast in NRW with DVB-T. The
C-Net topology might be an interesting compromise: Although the transmit power
is comparable to the current HTHP DVB-T network, it exhibits the high spectral
efficiency typical for LTLP networks while simultaneously limiting implementation
costs. On average, only 55 transmitters are required in this case.
Roll-out costs for a dense LTLP can be significantly reduced by exploiting
synergies with existing mobile broadband networks, as base station sites or non-
transmission related base station equipment, e.g., antennas or amplifiers, could
be re-used or shared. Additionally, a sufficiently developed backbone network
connecting all base stations has to be provided. However, most base stations
within existing mobile broadband networks (e.g., LTE) are already connected via
fiber optic cable anyway, thus offering further opportunities for infrastructure
sharing. Since re-using an existing mobile base station for DVB-T2 broadcast
obviously increases the total bandwidth (and thus, the total transmit power) at
the transmitter site, electromagnetic exposure limits have to be taken into account
in the planing process.
As a result, it can be concluded that the general superiority of the LTLP
approach in terms of power efficiency and SFN capability has been proven in this
section. Thus, it paves the way for a different low tower broadcast concept: eMBMS,
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which is theoretically already available within the existing LTE mobile broadband
network, will be analyzed in the next section.
5.3 eMBMS
The evolved Multimedia Broadcast/Multicast Service (eMBMS) is a point-to-
multipoint interface specification which enables both broadcast and multicast
services within a typically unicast LTE network [3GP12a, LG12]. In Section 3.3.3,
it has already been proven that eMBMS is comparable to DVB-T2 in terms of
throughput. In this section, the potential of eMBMS for entirely substituting the
current terrestrial television will be discussed. It is shown that eMBMS combines
both the advantages of an LTLP network topology as presented in the previous
section as well as the benefit of a seamless integration of services within a mobile
broadband network.
Based on the evaluations of the LTE physical layer in Section 3.3.3, four different
parameterizations of eMBMS have been selected in the following analysis. All
four cases, denoted by circled numbers, are summarized in Table 5.11. They were
chosen because they all exhibit a performance that is somewhat comparable to
the current DVB-T implementation in NRW. The two parameterizations ¬ and ®
are similar to DVB-T in terms of a maximum data rate Rmax and only require a
reduced minimum signal-to-noise-ratio SNRmin of 6.4dB (SNR reduction by 5.7dB
compared to DVB-T). In contrast, the SNRmin for the two setups ­ and ¯ is
similar to DVB-T while offering a data rate increase of approximately 11Mbit/s.
Additionally, both guard interval lengths specified in the LTE standard for eMBMS
will be considered. Compared to guard intervals specified for DVB-Tx, the guard
intervals for eMBMS are much shorter (see Tab. 4.1, p. 66 for details). DVB-Tx
operates with a different bandwidth grid than LTE since it uses a fixed bandwidth of
B = 8MHz. Therefore, all simulations for eMBMS are performed with a bandwidth
of B = 10MHz, which is the closest available bandwidth compared to DVB-Tx.
TG SNRmin Rmax
eMBMS¬ 16.7µs 6.4 dB 14.4Mbit/s
eMBMS­ 16.7µs 11.6 dB 24Mbit/s
eMBMS® 33.3µs 6.4 dB 14.4Mbit/s
eMBMS¯ 33.3µs 11.6 dB 24Mbit/s
Table 5.11: Possible eMBMS parameterizations for a bandwidth of B =
10MHz.
5.3.1 Coverage Simulations for NRW
In accordance with all previous coverage simulations, North Rhine-Westphalia
(NRW) is used again as coverage area. In all cases, simulations are performed for
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the 16 different combinations of propagation models and reception scenarios as
detailed in Chapter 4 and for the two carrier frequencies f0 ∈ {500MHz, 700MHz}.
First, the coverage with eMBMS in NRW is evaluated in case the current
DVB-T network layout with its transmit powers as shown in Figure 5.1 (p. 76,
ZDF multiplex) is utilized for transmission. For the ZDF multiplex, the combined
transmit power of all 20 base stations is Ptot = 591 kW. It is further assumed
that all base stations transmit within a synchronized SFN, i.e., a commonly used
bandwidth of B = 10MHz is necessary. Selected simulations results for a carrier
frequency of f0 = 500MHz are shown in Figure 5.10, the full results can be found
in Appendix E.2.
It can be seen that eMBMS setup ® yields the highest coverage of up to
66% in all cases due to its favorable combination of a low SNRmin and a longer
guard interval. However, the overall coverage of NRW with eMBMS is insufficient,
especially when it is compared to the almost complete coverage that is possible
with DVB-T or DVB-T2 in an identical setup (see Sec. 5.1.1). The performance
discrepancy between the systems is obviously caused by the significantly different
guard interval lengths: While DVB-T2 allows for ISDs of up to 160 km, the
maximum guard distance in LTE is only dG = 10 km. Since the High Tower High
Power (HTHP) topology considered here is defined by an average ISD of 40 km,
the short LTE guard interval causes a high interference in the network that cannot
be compensated. This leads to the conclusion that the usage of a HTHP network
topology for the broadcast with eMBMS is infeasible.
Therefore, as a next step, a Low Tower Low Power (LTLP) network topol-
ogy, which is more typical for a mobile broadband network, will be evaluated
as the underlying network topology of the eMBMS broadcast. Exemplarily, the
GSM network topology with NTx = 4646 transmitter sites will be used in the
simulations. First, for each transmitter a common fixed transmit power is as-
sumed. Typical transmit powers PTx,HF in an LTE network are in the range from
PTx,HF = 20W =ˆ 43dBm [KM12] to 50W =ˆ 46 dBm [HT09]. Considering typical
cable losses and antenna gains [HT11], this leads to a total Effective Radiated
Power (ERP) of Ptot = 929 kW and Ptot = 2322 kW, respectively. Selected simula-
tions results are depicted in Figure 5.11 for PTx = 200W and in Figure 5.12 for
PTx = 500W. Exhaustive results can be found in Appendix E.2.
As expected, the transition to the small cell topology leads to a significant
coverage increase compared to the previously analyzed high tower eMBMS broadcast,
since the average ISD of just 2 km is more in line with the short eMBMS guard
distances of dG ∈ {5 km, 10 km}. With its favorable combination of SNRmin and
dG, setup ® again outperforms the other eMBMS setups in terms of coverage for
all propagation scenarios. Nonetheless, the transmit power increase of 3dBm only
yields a negligible coverage increase in most cases.
Compared to previously evaluated broadcast networks employing DVB-Tx, the
overall coverage of NRW with eMBMS is comparable. However, the eMBMS
network requires a much higher transmit power which is caused by the NTx = 4646
transmitter sites. Nonetheless, it can be assumed that many of the transmitters
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Figure 5.10: Coverage of NRW with eMBMS within the current DVB-T
network design (Ptot = 591 kW, NTx = 22, f0 = 500MHz).
P.529
A2
P.529
B
P.1812
A2
P.1812
B
0
20
40
60
80
100
C
ov
er
ag
e
of
N
RW
in
%
eMBMS¬ eMBMS­ eMBMS® eMBMS¯
Figure 5.11: Coverage of NRW with eMBMS with the GSM topology
(PTx = 200W, Ptot = 929 kW, NTx = 4646, f0 = 500MHz).
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Figure 5.12: Coverage of NRW with eMBMS with the GSM topology
(PTx = 500W, Ptot = 2322 kW, NTx = 4646, f0 = 500MHz).
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in the GSM topology are superfluous for broadcasting, as they were intended to
absorb heavy loads in densely populated areas within an LTE unicast network.
Therefore, in order to address these concerns and to investigate whether a perfect,
100% coverage of NRW with a minimal power consumption is theoretically possible
with eMBMS, the optimization procedure introduced in Section 4.4 was used to
determine optimal transmit powers for each transmitter site.
Simulation results for two selected propagation scenarios are shown in Table 5.12,
the full results can be found in Appendix E.4. Obviously, all general observations
made for an LTLP topology in Section 5.2 are valid here as well. The eMBMS setup
® shows the best performance again, exhibiting not only the lowest overall transmit
power Ptot but also a minimal number of used transmitters NTx. Although the
optimization procedure yields that a perfect coverage is possible in general, the
deteriorating influence of the short guard distances dG ∈ {5 km, 10 km} is evident.
In fact, the impact of the short guard distances is so severe, that the optimization
algorithm does not yield any results for eMBMS setup ­ or for any setup with the
more adverse P.1812 propagation. Compared to the LTLP optimization for DVB-T2
in Section 5.2, the transmit power needed for eMBMS is higher for all setups, thus
indicating a higher interference in the network. Furthermore, approximately 60
to 70% of the GSM transmitter sites are necessary for a perfect coverage, i.e., a
denser network compared to the LTLP DVB-T2 broadcast is required.
eMBMS¬ eMBMS® eMBMS¯
Ptot NTx Ptot NTx Ptot NTx
P.529, A2 81.39 kW 3150 29.53 kW 2752 467.57 kW 3194
P.529, B 1.3MW 3150 470.23 kW 2769 7.44MW 3194
Table 5.12: Coverage optimization of NRW (100% coverage) for eMBMS
with P.529 propagation and the GSM network topology (sim-
ulated with f0 = 500MHz).
5.3.2 Migration Strategies and Content Distribution
The coverage simulations have shown that eMBMS is indeed an option for the
future distribution of television content and thus for replacing the current DVB-T
broadcast albeit dramatic changes of the entire broadcast infrastructure would be
necessary. Obviously, the roll-out of an LTLP LTE network for terrestrial broadcast
involves a high expenditure, as a huge number of base stations is needed to provide
a sufficient coverage [EBU14].
In [BS14b], it was assumed that the costs of such a very dense network will
be 25 to 30 times higher than the costs of present broadcast networks. However,
the study seems not only to overestimate the amount of necessary transmitter
sites that are necessary for a reasonable coverage, it also neglects possible cost
savings by exploiting synergies with mobile broadband networks. Since an eMBMS
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broadcast network can just be viewed as a part of a mobile broadband LTE network,
cost savings by infrastructure sharing that includes sharing of transmitter sites
and site-related infrastructure but also sharing of Radio Access Network (RAN)
and Core Network (CN) should be considered as well [VEL10]. In [Lan15], it was
calculated that the incremental costs for the roll-out of a nation-wide eMBMS
broadcast network are comparable with the expenditure for the current HTHP
DVB-T network in Germany. RAN sharing should further include frequency sharing,
i.e., network operators can use the frequencies more efficiently by even dynamically
switching between broadcast and unicast. Thus a seamless integration or even an
amalgamation of services can be realized.
Additionally, the denser network topology indisputably provides a chance for
boosting the frequency efficiency for terrestrial broadcast. In analogy with similar
results in [BS14a, SOS+14] the previous simulations substantiate the claim that the
short ISD within an eMBMS broadcast network pave the way for large SFNs, i.e.,
only 10MHz of spectrum are needed for the transmission of one TV multiplex. For
the exemplary ZDF multiplex in NRW, this results in a reduction of the required
frequency spectrum by 75%. An investigation of the spectrum consumption of
nation-wide SFNs under the constraints of the GE06 frequency plan can be found
in Section 6.1. While the transition to eMBMS broadcast will yield a significant
Digital Dividend, it is important not to re-purpose frequencies too early for other
services, e.g., mobile broadband. In order to ensure a smooth transition and to
retain as many users as possible, a sufficiently long grace period in which both
systems exist in parallel is necessary. Only after such a transition period, additional
frequency resources will become available.
The fine granularity of a small cell network topology can also be exploited for
the distribution of regional or even highly localized content. Due to the diverse,
federalistic broadcast system in Germany, there exists a multitude of regional TV
programs. A dense network clearly facilitates localized content distribution and
furthermore opens up additional business opportunities, e.g., localized advertising
or scheduled, event-based content (concerts or sports events). Various use cases for
an eMBMS broadcast network that go beyond terrestrial television as investigated
in this thesis are presented in [BBE+14].
Finally, operators can expect a significant reduction of the overall transmit
power for the short ISDs of the dense LTLP topology which is in line with findings
in [Hus11, HSBK11]. Assuming a power efficiency of approximately 42% for both
DVB-Tx [Rho14] and LTE [ABG+12, ZOB+13], the previous results clearly show
the power reduction for an LTLP eMBMS broadcast using the GSM-like network
topology with its average ISD of 2 km, compared to the current HTHP DVB-T
network.
While an eMBMS network has the advantage of providing better coverage
for indoor or mobile scenarios than the current broadcast networks and is thus
especially beneficial in urban areas, it is less appropriate in rural, sparsely pop-
ulated areas [BS14b, URRH13]. The implementation of a very dense network is
economically unviable in such areas, particularly when taking into account the
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necessary backbone infrastructure. Enlarging cell sizes in such areas while main-
taining an SFN transmission would be impossible, since the limited LTE guard
interval lengths would most likely cause an infeasibly high interference in the
network. Therefore, a higher frequency re-use, i.e. an MFN structure, would
be necessary in those areas, thus reducing the spectral efficiency of the eMBMS
broadcast [SOS+14, SSZ14, URRH13]. To address these issues, an extension of
the current eMBMS standard within 3GPP in the context of 5G is crucial, since
longer guard intervals to mitigate the ISD limitations and dedicated broadcast
carriers to improve spectral efficiency are necessary to stay competitive with
DVB-T2 [BBE+14, EBU14].
Furthermore, safety limits for human exposure to electromagnetic radiation
have to be taken into consideration when designing an LTLP eMBMS network.
Limits were specified by the International Commission on Non-Ionizing Radiation
Protection (ICNIRP) and consequently adopted by the EU in order to minimize
UHF exposure and to avoid hazards to human health and prevent adverse interaction
with high frequencies [Int98]. Since a broadcast with eMBMS would require an
additional bandwidth of 10MHz (and a corresponding increase of transmit power)
for each TV multiplex at each transmitter site, it has to be ensured that compliance
distances, i.e., the minimum distance to the general public from the base station in
the main-beam direction of the antenna (see App. D.3), remain respected. Increasing
the overall transmit power at a given site might violate existing compliance distances
and thus hinder the deployment of low tower broadcast networks, most notably in
densely populated areas [EBU14]. However, for most transmitter sites, the amount
of additional frequencies required for broadcasting is only a small fraction of the
spectrum already in use for other mobile services at the same site.
For consumers, a transition to eMBMS broadcast necessitates the purchase of
new devices, e.g., television sets or set-top boxes. Although the situation would be
similar for a transition from DVB-T to DVB-T2, it is not certain that all consumers
would go along with such a switch-over. To date, business models and marketing
strategies for a future DVB-T2 broadcast remain unclear and it is highly doubtful
whether just promising a better quality will persuade consumers to invest in a new
technology.
However, transitioning to eMBMS creates manifold opportunities for additional
services on top of providing a basic terrestrial television access. In recent years,
customers have grown accustomed to ubiquitous online services. Those cloud
services comprise file storage, music or video streaming, and cloud computing,
amongst others. The demand for services through which data, both personal or
commercial, is accessible via internet anywhere and anytime is expected to grow
even further in the future. For example, 90% of the Swedish population (ages 16–34)
already use cloud services on a regular basis [Ewe14]. In regard to entertainment
services, the number of music streaming subscriptions rose by 40% worldwide
in 2013 [IFP14]. It is likely that consumers will expect a similar ubiquity from
a future terrestrial broadcast. Therefore, the seamless integration of broadcast
and unicast services in eMBMS paves the way for an attractive Digital Terrestrial
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Television (DTT) service and bears huge potential for further services and use cases
as detailed before. For eMBMS to succeed, a strong collaboration between content
service providers, mobile network operators and device vendors will be mandatory.
Nonetheless, at this time, some questions addressed in this thesis about the viability
of eMBMS remain open and require further investigation, which should be taken
into account in the evolution and specification of eMBMS for 5G.
Although no commercial deployments of eMBMS are known yet, field trials for
eMBMS have been conducted. Nokia Networks started a field trial3 in Munich
in 2014 [Nok14], deploying an eMBMS testbed in an area of 400 km2 using four
base stations of the Bayerischer Rundfunk (Bavarian Broadcasting) (BR). The
trial network is characterized by a topology with mixed transmitter heights and
distances (hTx = 25, . . . , 214 m, ISD = 1.8, . . . , 18.9 km), and a constant transmit
power for each RF module of PTx = 40 W [RHK15]. It was shown that due to
its low transmit power eMBMS can be deployed in frequency bands adjacent to
bands used for DVB-T without interfering with existing TV transmission and can
thus serve as Supplemental Downlink (SDL). The trial implementation with a
downlink bandwidth of 10MHz (761 – 771MHz) is provides a sufficient data rate
for three parallel video streams (1×HD, 2× SD, H.264 coding). The combination
with an equally sized uplink band (706 – 716MHz) allows for additional attractive
interactive services beyond simple video broadcast. First results of the trial prove
that the SFN capabilities of eMBMS boost the SINR at the receiver (and thus
significantly increase coverage), which is in line with the results presented in this
thesis. Further measurements have shown that the short guard intervals of LTE can
cause a high network self-interference in some locations. Therefore, investigations
of a further evolution of eMBMS for LTE or 5G (e.g., by enlarging guard distances)
are part of the field trial as well.
5.3.3 Regulatory Considerations for eMBMS
A nation-wide stand-alone LTE broadcast network based on eMBMS as a replace-
ment of the current terrestrial broadcast with DVB-T poses several regulatory
challenges. Independent stand-alone eMBMS networks operated by each mobile
network operator, are (despite requiring little regulation) not a viable option, as
they would result in high costs and a low frequency efficiency. To fully exploit the
strengths of eMBMS, a tight interweaving of an LTE broadcast network with the
existing LTE unicast networks is indispensable.
Alternative concepts are either regionally allotted must-carry obligations, or
a consortium of all mobile network providers, operating a single, joint broadcast
network. As covering the vast majority of the population in Germany is not
necessarily driven by commercial but by political motivations, which mandate a free,
unhindered access of the TV programs of the publicly funded broadcast agencies,
3The project IMB5: Integration of Broadcast in LTE/5G is a cooperation with the
Institut für Rundfunktechnik (Broadcast Technology Institute) (IRT), the Fraunhofer Institute
for Integrated Circuits (IIS), the Friedrich-Alexander University in Erlangen-Nuremberg, and
Rhode & Schwarz.
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consumers could gain access to the broadcast network via roaming agreements
between the individual network operators. Both freely accessible TV programs
(free-TV) and subscription-only programs (pay-TV) are possible in this case. From
a mobile network operator’s view, such a cooperation might be quite attractive,
since frequencies not used for broadcast can be dynamically repurposed for unicast,
thus allowing for new services and use cases beyond simple video broadcast. Options
for shared access to those frequencies by all network operators involved in the
operation of the broadcast network are strongly recommended. However, the
detailed regulatory mechanisms that are necessary in this case need to be carefully
deliberated.
It is important to note that a Subscriber Identity Module (SIM) card and
therefore, a subscription, is not necessarily required for the reception of an LTE
broadcast. Without SIM card, LTE devices cannot subscribe to a dedicated home
network, to which a SIM card is uniquely associated, and thus, the devices goes
in idle mode. The idle mode corresponds to a Limited Service State in which
only selected services like emergency calls, but also the reception of eMBMS
broadcast data are possible [3GP10c]. LTE carriers carrying broadcast data can
be identified by the transmission of broadcast signaling information, i.e., the
System Information Block Type 15 (SIB15) [NB14, 3GP12b]. Broadcast without
the necessity of a SIM card is especially beneficial for consumers with multiple
devices, or for stationary receivers (televisions), as it lowers initial transition hurdles
for consumers. Additionally, it allows for the unhindered access to selected TV
programs, particularly content provided by the publicly funded broadcast agencies.
Obviously, no unicast services are available without SIM card. Furthermore,
reception of ciphered broadcast streams, e.g., in case of pay-TV subscriptions, are
only possible with a proper identification of the user and thus, a SIM enabled
registration of the LTE device in the network.
5.4 Conclusion: Options for a Joint Evolution
In this chapter, three different concepts for future terrestrial television were pre-
sented and analyzed in terms of coverage, transmit power, frequency efficiency, and
their general viability for future-proof, competitive terrestrial broadcast. The three
concepts are
– the switch-over from DVB-T to DVB-T2 while maintaining the current HTHP
network infrastructure.
– the switch-over from DVB-T to DVB-T2 with transition to a network with
smaller cells (LTLP network topology).
– the deployment of eMBMS within an existing LTLP LTE network.
DVB-T2 is the most likely candidate to replace the current DVB-T as it requires
a comparably minimal effort and expenditure. However, it is suboptimal with
respect to frequency efficiency. DVB-T2 is capable of significantly boosting the
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data rate compared to DVB-T and is thus able to double or even triple the number
of TV programs that can be transmitted with one frequency channel. Further
gains will be achieved by employing the more advanced HEVC video codec. The
long guard intervals of DVB-T2 in comparison to DVB-T increase the spectral
efficiency and allow for a flexible network design suitable for both stationary and
mobile reception. However, retaining the HTHP broadcast infrastructure precludes
taking advantage of the full potential of the available frequency resources, as large,
nation-wide Single Frequency Networks (SFNs) remain virtually impossible.
In contrast, a switch-over from HTHP DVB-T to a LTLP DVB-T2 network
is optimal in terms of spectral efficiency, and furthermore requires a significantly
lower overall transmit power. In addition to the general benefits of a DVB-T2
implementation as mentioned before, the denser network infrastructure with its
shorter Inter-Site Distances (ISDs) in combination with the long available guard
intervals eases the implementation of nation-wide SFNs. It also allows for an
implementation with mixed tower heights, which are beneficial in mixed urban
and rural, sparsely populated areas. In case of NRW, the amount of bandwidth
needed for the transmission of the ZDF multiplex could be reduced by up to 80%.
Here, two exemplary low tower network topologies were considered for the LTLP
broadcast. Using the GSM network topology for a DVB-T2 broadcast network
has to be regarded as a theoretical extreme case due to the large number of
transmitters, especially when considering the necessary backbone infrastructure.
The C-Net topology represents an interesting compromise: although the transmit
power reduction is much smaller, it exhibits a similar high spectral efficiency while
limiting implementation costs.
As a third scenario, the broadcast with eMBMS within a dense, low tower LTE
network has been evaluated. An eMBMS broadcast offers similar high data rates
as DVB-T2. Its dense network topology allows a significant reduction of the overall
transmit power while increasing the spectral efficiency. However, the short LTE
guard distances cause a performance loss compared to a similarly dense LTLP
DVB-T2 network. Nonetheless, eMBMS shows a comparable SFN performance
and thus a low frequency re-use, assuming an homogeneous network with short
ISDs. The incremental network roll-out costs for eMBMS are comparable to the
expenditure for the current HTHP DVB-T2 network [Lan15], since significant cost
reducing synergies with existing LTE infrastructure can be exploited. In fact, the
amalgamation of broadcast and unicast, i.e., the seamless integration of terrestrial
TV and the mobile internet, is one of the huge advantages of eMBMS, as it bears a
huge potential for many attractive services and use cases. However, apart from the
lack of an appropriate regulatory framework, several technical issues were brought
up in this thesis (e.g., longer guard intervals, dedicated broadcast carriers, RF
exposure limits) that should be addressed within the standardization of 5G to
further increase the viability of an eMBMS broadcast network.
For consumers, all three scenarios necessitate the acquisition of new end user
equipment, e.g., television sets, set-top boxes, or mobile devices. In order to get
consumers on board with such a switch-over, it has to be ensured that a new
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broadcast systems offers new and attractive services. Therefore, independent of
the actual underlying physical layer of the new broadcast system, the advanced
H.265 (HEVC) video codec [ITU13a] should be utilized for video compression.
HEVC is necessary in order to optimally exploit the available bandwidth, and to be
compatible with new services emerging in the future. A major advantage of HEVC
is its support of manifold screen resolutions (from 240p up to 4320p (UltaHD))
without additional coding overhead [Wie14], especially since a highly diverse device
landscape will be one of the key characteristics of future media and communication
systems.
In addition to the standalone scenarios presented in this thesis, in the literature
there exist several hybrid concepts, which combine DVB-T2 broadcast with an LTE
broadband network. A tower overlay, combining a low tower network for unicast
data (with a higher carrier frequency) and a high tower network for broadcast
data (with a lower frequency) by means of carrier aggregation has been proposed
in [Rei13, KRC+13]. The high power DVB-T2 network is setup for the combined
transmission of both DVB-T2 carriers and LTE broadcast carriers. The latter
can be embedded into DVB-T2 using the Future Extension Frames (FEF) of
DVB-T2 [ETS11]. Operators are then able to allocate carriers to either technology.
This concepts builds a bridge between the broadcast and mobile internet but is not
expected to significantly reduce frequency consumption [Bü14].
A second hybrid approach is the so-called dynamic broadcast [QNR11] which
can be used to increase spectral efficiency and reduce power consumption compared
to a traditional broadcast network [QR12]. Here, content is dynamically distributed
either via a high tower DVB-T2 broadcast network or a low tower LTE broadband
network, depending on instantaneous user demand, amongst others. Thus, dynamic
broadcast aims at a minimized use of terrestrial broadcast frequencies which could
then be dynamically allocated for different broadband services. While both hybrid
approaches do not yield an immense potential for frequency reduction compared
to the analyses in this thesis (cf. Sec. 6.2), a combined co-existence of DVB-T2
with eMBMS is an interesting option, especially in the face of a mostly politically-
mandated prevalence of terrestrial broadcast with DVB-Tx.
Finally, it is worth remembering a previous attempt of establishing mobile
TV in Germany: in 2008, DVB-H [ETS04b] was rolled out in order to bring
broadcast services to mobile, handheld devices. With a low spectral efficiency
and the lack of appropriate business models, DVB-H never took off commercially
and can be considered a spectacular failure today. Although DVB-H offered
multiple opportunities for cooperation [Dig07], broadcasters saw DVB-H more as
means to compete with mobile network providers, underestimating the surge of
mobile internet applications and services that happened at that time. However,
in a society characterized by fast-paced technological progress, it would be fatal
to cling to antiquated business models. An optimal exploitation of the scarce
spectrum as well as new, attractive services for consumers within a pan-European
harmonized approach, can only be achieved with a close cooperation between
the involved stakeholders, i.e., content providers, broadcasters, mobile network
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operators, regulators, and policy makers, leading to a convergence of the two so far
separate worlds.
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Future Spectrum Demand
and Allocation
In the previous chapters, the technical feasibility of nation-wide Single Frequency
Networks (SFNs) for terrestrial broadcasting has been proven in principle. However,
this analysis was based only on the employed physical layer and the underlying
network topology. Generally, it cannot be assumed that every frequency channel
is available everywhere in Germany. For the deployment of a new broadcasting
system, regulatory constraints have to be taken into consideration as well. Therefore,
multiple UHF frequency channels are still necessary for a single nation-wide coverage.
Accordingly, the feasibility and the minimum frequency consumption of a nation-
wide SFN in Germany under the constraints of the GE06 Agreement is investigated
in Section 6.1. Based on these results, scenarios for a potential Second Digital
Dividend, which is rendered possible by frequency re-allocation, will be evaluated.
Corresponding recommendations for possible future spectrum allocations of the
UHF band incorporating the requirements of all relevant services are made in
Section 6.2.
6.1 Nationwide SFNs under GE06 constraints
The basis for the frequency regulation for terrestrial broadcasting in Europe is the
GE06 Agreement [ITU06] which has already been presented in Chapter 2. The
frequency allocations of the GE06 Agreement are based on the re-use distance
between two DVB-T co-channel coverage areas, assuming a High Tower High
Power (HTHP) network topology. Due to the necessary large re-use distance of
typically 100 to 150 km, this results in several smaller frequency allotments which
are separated by huge white spaces. An allotment defines the area in which the
allocated frequency channel can be used without interference from neighboring
allotments transmitting with the same frequency. In Figure 6.1(a), the allotment
areas (in blue) are shown for the UHF channel 21 in Germany, exemplarily. Further
details about the current frequency allocation can be found in Section 2.1.1.
It is obvious that such an allocation hinders larger, nation-wide SFNs. However,
this frequency allocation is not as static as it may seem. By terms of bilateral
agreements, German co-channel allotments could be joined into one or several larger
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(a) Allotments (blue) and
channel potential (red).
(b) 2D quantization of the
channel potential area.
Figure 6.1: Allotments and approximated channel potential area of the
UHF channel 21 in Germany.
allotments as long as the re-use distance towards foreign or neighboring allotments
remains respected. In case the distance to the neighboring countries is larger than
the re-use distance, no coordination is necessary per se. Such an area is called a
channel potential area [Beu12] and represents the largest possible joint allotment
in which broadcasting services can be used independently from its neighbors. Since
the goal of this evaluation is not a detailed, new frequency allocation, but only
an estimate of the SFN frequency consumption, a coarse, geometric best-case
approximation of the channel potential area is sufficient. Therefore, the convex
hull of the allotments will be used for identifying the channel potential area in the
following analysis. For the UHF channel 21 in Germany, Figure 6.1(a) illustrates
the approximated channel potential area (red line), exemplarily. It has to be noted
that the analysis of the minimum SFN frequency consumption for a nation-wide
coverage under the constraints of the GE06 frequency agreement in this section is
generally valid for any combination of physical layer and network topology, as long
as such a combination fulfills the requirements for a nation-wide SFN in principle
(see Chap. 5).
In order to determine an estimate of the minimum frequency requirements for a
nation-wide coverage, the following procedure has been specified: First, the area
of interest (in this case, Germany as a whole) is subdivided into lU small square
elements u with an edge length of 10 km. All lU elements are combined into one
vector U . Then, for each of the 40 UHF frequency channels that are currently
used for terrestrial broadcast (with γ = 21, . . . , 60 denoting the channel number),
the channel potential area is quantized in the same way (see Fig. 6.1(b)). Thus,
each channel potential area forms a set Sγ = {sγ,1, . . . , sγ,u, . . . , sγ,lU } ∈ {0, 1}lU
where sγ,u = 1 indicates that an area element u can be theoretically covered with
frequency channel γ and sγ,u = 0 indicates that a coverage is not possible. The sets
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for all 40 frequency channels are combined into one set of sets S = {S21, . . . , S60}
for which it obviously holds that ∪60γ=21S = U . Based on those parameters, a subset
C ⊆ S with ∪C = U has to be identified in such a way that C covers U with the
fewest possible sets out of S.
The problem stated above can be solved by the well-known set cover opti-
mization [Vaz01, Hro01]. The set cover problem is NP-hard [LY94], but it can
be approximated by solving the corresponding Integer Linear Program (ILP). For
solving this ILP, the CPLEX optimization software [IBM14] has been used. With
the variable βγ ∈ {0, 1}, which indicates whether a set Sγ is an element of the
minimal subset C, the ILP can be stated as follows:
min
60∑
γ=21
βγ (6.1)
subject to
60∑
γ=21
sγ,u · βγ ≥ 1 for ∀u = 1, . . . , lU (6.2)
βγ ∈ {0, 1} for γ = 21, . . . , 60.
The set cover optimization shows that only four frequency channels are needed
for one nation-wide coverage. The outcome of the optimization is ambiguous;
one possible optimization result uses the frequency channels γ = {26, 33, 35, 36}
for a full coverage and is depicted in Figure 6.2. Considering the current DVB-T
γ = 26
γ = 33
γ = 35
γ = 36
Figure 6.2: Nation-wide coverage C = {S26, S33, S35, S36} with four fre-
quency channels as one possible result of the set cover opti-
mization (first iteration).
implementation in Germany, four multiplexes are available on average (see Sec. 2.1.1).
Repeated execution of the optimization, neglecting previously selected frequency
channels in each iteration, yields that approximately 20 frequency channels are
necessary for four nation-wide coverages.
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The total number of full nation-wide coverages that can be achieved with
20 frequency channels might seem insufficient at first glance; however, it has to
be noted that the actual number of TV multiplexes that could be transmitted
throughout Germany might actually be higher. Figure 6.2 shows a huge overlap
of the four frequencies that constitute the first coverage layer. In those areas of
overlap only one out of the four frequencies is needed for the transmission of the
first multiplex, while the others can be used for broadcasting different content.
Obviously, this effect increases further when all 20 frequency channels are taken into
account. While detailed propagation simulations would be necessary to determine
the exact number of possible multiplexes in Germany and their respective coverage
(which is out of the scope of this thesis), it is evident that the proposed approach
is at least capable of providing a similar service in terms of multiplex diversity as
the current broadcasting system (with 40 frequency channels), while reducing the
total frequency consumption by approximately 50 % and being in accordance with
the GE06 agreement.
The novel frequency allocation can further boost frequency efficiency in com-
bination with a Low Tower Low Power (LTLP) network topology as proposed in
Section 5.2. First, smaller cells enable a more precise demarcation of coverage areas.
Second, they ease the broadcasting of regional content. As stated in Sec. 2.1.1, there
is a multitude of regional TV programs in Germany due to its diverse, federalistic
broadcast system. The smaller broadcast cells form an interference-limited net-
work (in analogy to a common mobile broadband network). In each cell, different
broadcast content can be transmitted, thus leading to a finer network granularity
which enables the distribution of highly regionalized (and even localized) content
or advertising. An alternative method for regional broadcast is time slicing, which
combines both the advantages of an SFN and an MFN network [MU07].
6.2 Future Spectrum Allocation
The significant potential for spectrum reduction for terrestrial broadcast, as derived
in the previous section, paves the way for a Second Digital Dividend. Additionally
taking into account the analysis of various combinations of physical layers and
network topologies in Chapter 5, five different examples for a possible future
spectrum allocation of the frequencies currently used for terrestrial broadcast
(470 – 790MHz) are given in this section. These examples range from a gradual
evolution to a radical rethinking of the UHF spectrum allocation. As mobile network
providers and broadcasters are not the only stakeholders showing interest in the
frequencies of the UHF band, both the demands of agencies for Public Protection
and Disaster Relief (PPDR) and the demands for devices for Program Making and
Special Events (PMSE), e.g., wireless microphones, have to be additionally taken
into account. Therefore, before discussing the different options for future spectrum
allocation, the spectrum demand for those services has to be detailed first.
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6.2.1 Behörden und Organisationen mit Sicherheitsaufgaben
(BOS)
Agencies for Public Protection and Disaster Relief (PPDR), e.g., police and fire
departments, as well as other emergency services, are an additional major stake-
holder demanding parts of the lower UHF spectrum in case of a Second Digital
Dividend. In Germany, those agencies are commonly known as Behörden und
Organisationen mit Sicherheitsaufgaben (BOS). For analog transmission of voice
and data, three frequency bands with a total bandwidth of 12.7MHz are available
today (34.35 – 39.85MHz, 74.205 – 87.265MHz and 165.2 – 173.99MHz) [Bun07].
The roll-out of a new digital communication system, Terrestrial Trunked
Radio (TETRA), started in 2010. As of August 2014, TETRA covered 92 %
of Germany [BOS14]. For TETRA, 2 × 5MHz are allocated in the 400MHz
band. The main disadvantage of TETRA is its low maximum data rate of only
28 kbit/s [ETS97], which is insufficient for data-intensive applications, especially
since services that require higher data rates are expected to play an increasing
role in PPDR. Application scenarios that necessitate such high data rates can
be the transmission of large data, e.g., building plans, from a command center
to the emergency personnel on site or the transmission of live video, e.g., from
helmet cameras or drone vehicles. The 700MHz band is very well suited for high
data-rate PPDR applications as it provides not only a wide coverage but also
good building penetration [Wom13]. The latter is especially important for many
different PPDR application scenarios [Mar13]. Therefore, an estimated amount of
2× 15MHz of bandwidth below 1GHz (in combination with additional spectrum
in higher frequency bands, e.g., 1.5GHz and 5GHz) is necessary for future PPDR
services [MBJ+10].
6.2.2 Program Making and Special Events (PMSE)
Currently, the major secondary users of TV spectrum are devices for Program
Making and Special Events (PMSE). PMSE denotes equipment for broadcasting,
theatrical productions and special events, amongst others, and includes wireless
microphones and headphones, in-ear monitoring, talkback systems, conferencing
systems, wireless devices for aiding hearing-impaired persons as well as visitor
guidance systems in, e.g., museums. Almost all devices use a bandwidth of 200 kHz
and transmit with a transmit power of up to Pmax = 50mW. The re-use distance
of frequencies without interference in an urban scenario should be at least 400m.
In order to further avoid interference in between adjacent PMSE channels, a guard
distance of 400 kHz must be respected. For in-ear monitoring with a very small
spatial distance between transmitter (microphone) and receiver (headphone), a
duplex gap of as much as 7MHz is necessary [KRC+13].
Therefore, from a regulatory point of view, spectrum allocation for PMSE
devices is a challenge. Spectrum is usually only needed within smaller, local
confines. Furthermore, the spectrum consumption for PMSE often fluctuates
considerably. On a day-to-day basis up to 50 PMSE channels are needed for, e.g.,
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theater productions, concerts, churches, conferences or university lectures. However,
the spectrum demand can temporarily be much higher in case of special events. For
example, during the 2012 London Olympics, 248.3MHz of spectrum was allocated
for PMSE (6052 wireless microphones and 1468 in-ear monitoring devices) [Ofc12b].
The spectrum currently available for PMSE is summarized in Table 6.1. After
the first Digital Dividend, wireless microphones in Germany have been allowed
to use both the frequency band 470 – 790MHz (except UHF channel 38 which is
mainly reserved for radio astronomy) and the frequency band 790 – 862MHz as
secondary users. Secondary usage means that an interference with the primary
users, i.e., DVB-T in the lower part of the spectrum or mobile broadband in
the upper frequency band, has to be averted. While in the lower frequency
band (470 – 790MHz) wireless microphones can still transmit in TV white spaces,
interference-free usage in the upper frequency band (790 – 862MHz) is basically
impossible due to interference from LTE devices. Furthermore, both frequency
bands are only available after individual licensing by the regulatory body (BNetzA)
and are thus not available for the common user [BNA13a].
Frequencies License Comments
470 – 606MHz
614 – 790MHz individual licensing
primary user is DVB-T, wireless
microphones use white spaces
790 – 820MHz individual licensing
primary user is mobile broad-
band, heavy interference from
mobile radios
820 – 832MHz commonly available duplex gap, partial interferencefrom mobile radios
832 – 862MHz individual licensing
primary user is mobile broad-
band, heavy interference from
mobile radio
863 – 865MHz commonly available ISM band, no dedicated primaryuser, heavy interference possible
1785 – 1805MHz commonly available duplex gap, partial interferencefrom mobile radios
Table 6.1: Current frequency bands for PMSE in Germany.
For the latter use case, three freely accessible frequency bands (see Tab. 6.1)
are available: the Industrial, Scientific and Medical (ISM) band (863 – 865MHz)
and the two mobile duplex gaps (820 – 832MHz and 1785 – 1805MHz). Since the
ISM band is open for all kinds of wireless applications, it is not only crowded with
wireless microphones, but also other devices like baby monitors or garage door
openers; therefore, interference is to be expected. Although wireless microphones
are the designated primary users in the two duplex gaps, they are exposed to
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heavy interference from mobile radios at the fringes of their frequency bands.
While wireless microphones have to adhere to their spectrum masks and thus avoid
interfering with mobile broadband services, it has been shown in [DKE14, APW12]
that wireless microphones can still suffer from heavy interference from mobile
phones. Therefore, a significant part of the duplex gap spectrum can not be used
by PMSE devices without limitations.
The spectrum scarcity for PMSE is bound to get even worse: The scenarios for
future terrestrial broadcast presented in this thesis all aim at a more efficient usage
of the available UHF spectrum by its respective primary user. However, such a
re-allocation of spectrum would make it more difficult for secondary users like PMSE
devices to access those frequency bands. Additionally, the amount of TV white
spaces would be reduced significantly. Therefore, the necessary measures to ensure
an adequate amount of spectrum for all PMSE applications after a potential Second
Digital Dividend have to be taken. Since PMSE applications cannot dispense with
the UHF frequencies completely due to their favorable propagation conditions and
indoor performance, a small part of the UHF spectrum should be kept for the
primary usage of microphones. A bandwidth of 2× 24MHz with an appropriately
sized duplex gap is considered sufficient in this case [KRC+13].
Alternatively, new, surrogate frequency bands should be allocated. Especially the
L band (1452 – 1477.5MHz) presents a suitable alternative. This frequency band has
remained mostly unused in Europe and is considered by CEPT for a supplemental
downlink for mobile communication networks, although on a national level, different
services, e.g., PMSE, are approved for implementation [ECC13]. The use of the
L band for PMSE is particularly considered by the German BNetzA [BNA13a].
Finally, in a joint effort by both the manufacturers of wireless microphones and
mobile radios, reciprocative interference between devices should be reduced. This
would diminish the effect of mobile radios on PMSE devices in neighboring frequency
bands and would thus increase the spectral potential of the duplex gap for PMSE.
For the design of future wireless microphones, special attention should also be
paid to the use of cognitive radio technologies [MM99, MR09, LCLM11, ZRS+13].
Cognitive radios are systems that can dynamically and autonomously adjust their
radio operating parameters, as they are able to sense their operational electro-
magnetic environment. They are aware of various parameters like availability of
spectrum and power, user and application requirements, available networks (infras-
tructures) as well as local policies. Spectrum sensing, one of the key elements of
cognitive radio, enables smart dynamic spectrum access while respecting primary or
high-priority users. Therefore, spectrum sensing is prone to significantly boost the
spectral efficiency of wireless microphones, especially since the occupied bandwidth
is only very small (200 kHz) [CGD08, KLGZ09]. Spectrum sensing would also aide
the simultaneous operation of several microphones, as inadvertent interference or
intermodulation could be avoided more easily. Enhancing wireless microphones
with cognitive radio capabilities is thus highly recommended. A cognitive system
using the advantages of spectrum sensing, amongst others, for wireless microphones
has already been presented in [BRWF13, KBPG13].
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6.2.3 Scenarios for Future Spectrum Allocation
Five different scenarios for potential future spectrum allocation of the UHF band,
based on the previously introduced concepts for co-existence of terrestrial tele-
vision and mobile broadband internet, are derived and detailed in this section.
Furthermore, the frequency consumption of other services using the UHF band, i.e.,
Behörden und Organisationen mit Sicherheitsaufgaben (BOS) and Program Making
and Special Events (PMSE) are considered. The bandwidth consumption of all
scenarios is summarized in Table 6.2; the frequency band proposals are additionally
visualized in Figure 6.3.
For comparison, the current allocation of the UHF band is given in Figure 6.3(a).
The major fraction of the frequency band (320MHz) is allocated for DVB-T. Since
the first Digital Dividend in 2010, the former TV channels 61 – 69 (72MHz) are
utilized for mobile broadband services, i.e., LTE. As shown before, PMSE devices
are allowed to use TV white spaces on a secondary basis, whereas there is no
dedicated spectrum for BOS in the UHF band yet.
The five new proposals for a future spectrum allocation are:
b) Switch-over to High Tower DVB-T2
c) Switch-over to Low Tower DVB-T2
d) Switch-over to Low Tower DTT via eMBMS with dedicated spectrum
e) Switch-over to Low Tower DTT via eMBMS with dedicated spectrum and
considering PMSE
f) Switch-over to Low Tower DTT via eMBMS without dedicated spectrum
Proposal a) b) c) d) e) f)
LTE/5G 2×30 2×60 2×85 2×85 2×65 2×135
Broadcast 320 232 160 160 160 —
(DVB-T) (DVB-T2) (DVB-T2) (eMBMS) (eMBMS)
BOS — — 2×15 2×15 2×15 2×15
PMSE — — — — 2×25 2×26
(primary)
PMSE  270  200 > 20 > 30 > 20 ≈ 30
(secondary)
Table 6.2: Currently allocated bandwidth (a) and proposed bandwidths
(in MHz) for future spectrum allocations (b – f) (in MHz) for
various applications in the UHF band (470 – 862MHz).
Switch-over to High Tower DVB-T2 (b)
The possibility of a Second Digital Dividend has long been discussed by both
regulators and industry operators (see Sec. 2.1.2). During the last World Radiocom-
munication Conference in 2012 (WRC-12), it was decided that the 700MHz band
(694 – 790MHz, TV channels 49 – 60) will be made available for mobile services in
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Figure 6.3: Current spectrum allocation (a) and proposals for future spec-
trum allocation (b – f) for the UHF band (470 – 862MHz).
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2015 [ITU12a]. The re-allocation of the 700MHz band in Germany has been adopted
by the BNetzA in 2015 [BNA15a] based on the CEPT Report 53 [ECC14] and is
thus in line with a harmonized, pan-European UHF spectrum plan (see App. A.2).
The 700MHz band could be after the transition from the current DVB-T to
DVB-T2, while maintaining the current High Tower High Power (HTHP) network
infrastructure. As visualized in Fig. 6.3(b), the re-allocation would result in an
additional bandwidth of 2×30MHz for LTE or other mobile broadband services,
e.g., 5G. No dedicated spectrum allocation is made for BOS. However, the CEPT
frequency plan entails that 20MHz of bandwidth within the duplex gap in the
700MHz band is dedicated for Supplemental Downlink (SDL). Services that can be
used in the SDL spectrum are not regulated by CEPT or ITU, but can be chosen
at the discretion of the individual national regulators [ECC14].
Devices for PMSE would remain a secondary user in TV white spaces; yet
the amount of TV white space will be reduced significantly compared to the
current allocation. The allocation of spectrum outside the UHF band will thus be
indispensable in order to satisfy the spectrum needs of PMSE devices. Furthermore,
the two LTE/5G duplex gaps (including the SDL band) can be envisaged for PMSE.
However, with currently available devices, the undisturbed PMSE transmission
in these duplex gaps is partially impossible due to heavy interference from LTE
devices (see Sec. 6.2.2). In order to efficiently exploit the duplex gaps for PMSE,
new LTE/5G user equipment needs to be designed for a sufficient suppression of
out-of-band interference [ECC14].
Switch-over to Low Tower DVB-T2 (c)
It has been shown in Section 5.2 that employing DVB-T2 for terrestrial broadcast on
a Low Tower Low Power (LTLP) network infrastructure eases the implementation of
nation-wide Single Frequency Networks (SFNs) and thus has the potential to further
boost frequency efficiency. As estimated in Section 6.1, only 20 frequency channels
are necessary for terrestrial broadcast in this case. This reduction makes room for
a significant expansion of mobile broadband services, as 2×55MHz of additional
spectrum will be available. Since the very efficient usage of spectrum by the
terrestrial broadcast would fill almost all previous TV white spaces, PMSE devices
would be only allowed to operate in the two remaining duplex gaps (≈ 25MHz).
As shown in Fig. 6.3(c), the remaining part of the frequency band (2×15MHz,
see Sec. 6.2.1) is left for BOS. Since it can be assumed that a high data-rate
BOS service will be based on LTE/5G or a similar high-performing physical
layer [MBJ+10], a co-existence between BOS and mobile broadband in the form
of shared spectrum access should be considered to further boost efficiency. With
such a shared spectrum access, PPDR agencies would be able to access additional
spectrum in case of critical emergency situations. Conversely, mobile network
providers could access the BOS spectrum to absorb high network loads during
times of low PPDR spectrum consumption.
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Switch-over to Low Tower DTT via eMBMS with dedicated spectrum (d/e)
The evolved Multimedia Broadcast/Multicast Service (eMBMS) allows for data
broadcasting within LTE. Its potential for terrestrial television and its regulatory
implications have previously been addressed in Section 5.3. The LTLP network
infrastructure of eMBMS enables realizing an efficient nation-wide SFN with ap-
proximately 20 frequency channels. Accordingly, the proposed frequency allocation
in this case, as visualized in Figure 6.3(d), is similar to the previous scenario (c).
Although this allocation requires a third duplex gap in the UHF band, it is much
more favorable, as the spectrum intended for eMBMS television broadcast merges
with the LTE/5G downlink. This allows for a much more flexible design because
frequency resources intended for television broadcast can be used for unicast data
transmission when necessary, and vice versa. In total 160MHz of bandwidth is
available for eMBMS broadcast and an additional 2×55MHz can be used for
unicast LTE downlink. Spectrum allocation for BOS is concordant with all previous
proposals.
Unfortunately, PMSE devices would be relegated to the three duplex gaps in
this scenario, since such a frequency usage eliminates almost any white spaces in
the terrestrial broadcast spectrum. A shared usage of spectrum by PMSE and
LTE/5G devices is unlikely due to probable interference. Therefore, an amended
spectrum proposal is shown in Figure 6.3(e), taking the spectrum needs of PMSE
into consideration. By reducing the additional spectrum for LTE/5G to 2×35MHz,
2×25MHz of spectrum could be allocated for PMSE devices as a primary user,
thus fulfilling the requirements given in Section 6.2.2.
Switch-over to Low Tower DTT via eMBMS without dedicated spectrum (f)
One of the questions posed in this thesis is the principal necessity of a dedicated
separate system for terrestrial transmission of television content. As only a minority
of the German population uses terrestrial broadcast for the reception of linear
television, with most customers resorting to cable or satellite TV (see Fig. 2.6),
ending the terrestrial transmission entirely is sometimes brought into play when
discussing the future of DTT in Germany. While such a switch-off currently
seems politically unlikely, as the German Interstate Broadcast Agreement (Rund-
funkstaatsvertrag) [RST13] guarantees that every citizen has unrestricted and
unhindered access to the public broadcast programs, it would still be a huge oppor-
tunity for a fundamental re-organization of the UHF band. This scenario, which
basically coincides with the spectrum proposal presented in [KRC+13], is shown in
Figure 6.3(f).
As a result, a total of 2×135MHz of spectrum can be allocated for mobile
broadband internet; the spectrum allocation for BOS with a bandwidth of 2×15MHz
is in line with the previous proposals (c–e). In addition to the three mobile
broadband duplex gaps, 2×26MHz of primary spectrum will be available for PMSE.
As stipulated in Section 6.2.2, the two primary PMSE bands should be separated
by an appropriately sized duplex gap to facilitate the operation of both PMSE
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transmitters and receivers within short distances. Here, the TV channel 38, which
is reserved for radio-astronomy in most of Germany anyway, serves as the PMSE
duplex gap.
It has to be pointed out that within this last scenario, terrestrial broadcast is still
possible to a certain degree, as eMBMS can obviously still be used in the LTE/5G
downlink frequency bands. Mobile network operators might use eMBMS to relieve
the network during times of heavy load caused by parallel, unicast live streams of a
TV program with high demand, e.g., during sporting events. Additionally, operators
might be obligated to broadcast certain programs via their mobile networks as part
of a politically mandated must-carry agreement. The regulatory consequences of
the latter case have already been discussed in Section 5.3.3.
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Summary
In recent years, the future of Digital Terrestrial Television (DTT) has been in
the midst of a lively debate. On the one hand, broadcasters are pushing for the
terrestrial distribution of more TV programs with better quality (e.g., higher
resolutions, HD content) to stay competitive, not only with other TV distribution
channels, but with new online services (e.g., streaming) as well. On the other hand,
the current spectrum allocation for DTT exhibits large white spaces, i.e., in some
areas up to 48% of the spectrum is not used. There is a strong desire to utilize
the available TV spectrum in a more efficient way and consequently re-allocate at
least parts of the spectrum for mobile broadband access. Although a re-allocation
of frequencies alone will not solve Germany’s broadband coverage problem, it is
an important stepping stone for the German government’s plan to provide a data
rate of at least 50Mbit/s to every household by 2018. As a contribution to this
discussion, various options for a future frequency-efficient evolution and co-existence
of terrestrial television and mobile internet were proposed and investigated in this
thesis. Thereby, the emphasis was on the evaluation of the performance and the
feasibility of those options from a technical point of view. However, the technical
issues discussed here are only one part of the problem. Optimal exploitation
of the scarce spectrum as well as new attractive services for consumers within
a pan-European harmonized regulatory framework can only be achieved with a
close cooperation between all the involved stakeholders including content providers,
broadcasters, mobile network operators, regulators, and policy makers.
In the first part, the physical layers of the current terrestrial television standard
DVB-T and its successor DVB-T2 were analyzed in terms of bit error rate perfor-
mance and throughput. It was shown that the more efficient channel coding and
modulation of DVB-T2 increases the spectral efficiency by 50% compared to DVB-T
with theoretical data rates of up to 49Mbit/s per 8MHz channel. DVB-T2 also
offers enhanced flexibility for the OFDM design, i.e., a larger variety of FFT lengths
and guard intervals. Additionally, the physical layer of the mobile broadband stan-
dard LTE with its evolved Multimedia Broadcast/Multicast Service (eMBMS) was
investigated. In comparison to DVB-T2, LTE exhibits a similar spectral efficiency,
thus representing a good alternative for terrestrial video broadcast. In certain
LTE applications, e.g., video streaming, LTE may employ a Hybrid Automatic
Repeat reQuest (HARQ) scheme to ensure the reliability of the data transmission,
by (re-)transmitting additional redundancy in case a data frame is transmitted
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incorrectly. For this case, an in-depth theoretical analysis detailing the impact of
unreliable feedback was presented, which is not only valid for LTE, but for any
transmission system that employs feedback channel signaling to reduce residual
transmission errors.
The second part of this thesis introduced and analyzed three basic concepts for
future terrestrial television that are all characterized by a higher spectral efficiency
than the current DTT and additionally open up the possibility of spectrum re-
allocation for mobile broadband access. Generally, it was shown that the potential
for an increased frequency efficiency mainly depends on the interaction between
guard interval length and Inter-Site Distance (ISD) in the network. Both long guard
spaces and dense network topologies ease the implementation of Single Frequency
Networks (SFNs) and thus result in a higher frequency and power efficiency. In
order to estimate the system performance in terms of coverage, transmit power,
and general viability, an optimization algorithm for transmit power allocation was
developed. Simulations were exemplarily carried out for the German state of North
Rhine-Westphalia (NRW), utilizing sites of the current DVB-T and GSM networks
as well as those of the former C-Net. All simulations were conducted for a variety
of different propagation models and reception conditions. The three concepts for
future broadcast are:
First Scenario The transition from the current DVB-T to its successor DVB-T2
while retaining the High Tower High Power (HTHP) network infrastructure (with
22 sites in NRW) was investigated first. DVB-T2 offers higher data rates and thus
doubles or even triples the number of SDTV programs per channel. Alternatively,
the data rate increase can be utilized for higher quality HDTV programs which are
an attractive commercial option for potential pay-TV services, especially when using
the HEVC video codec. Its long guard intervals lead to a flexible network design
with larger SFNs that result in a further increase of the spectral efficiency. However,
retaining the current HTHP broadcast infrastructure precludes taking advantage
of the full potential of the available frequency resources, as large nation-wide SFNs
remain almost impossible. Nonetheless, it has been shown that the HTHP DVB-T2
approach is the likely candidate for future DTT as a straight forward approach.
Second Scenario The switch-over from HTHP DVB-T to DVB-T2 using a Low
Tower Low Power (LTLP) infrastructure yields a similar performance as a HTHP
DVB-T2 network in terms of data rates, but also reduces spectrum consumption.
The combination of small ISDs with the long guard intervals of DVB-T2 eliminates
inter-network interference even in rural areas and thus enables frequency efficient
nation-wide SFNs. For the transmission of the ZDF TV program multiplex in
NRW, for example, only 20% of the currently used frequency bandwidth is required.
Simulations for different network topologies have shown that a decreasing ISD
leads not only to a decreased frequency re-use, but also to a significantly reduced
overall transmit power, despite the larger number of necessary transmitters. An
LTLP network based on the GSM sites exhibits the best performance in terms
of both power and frequency efficiency. However, it has to be considered as
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mostly hypothetical, since the necessary expenditure for the roll-out of such a
fundamentally new broadcast infrastructure will be too high to be a profitable
investment. Nonetheless, other network topologies with a more medium Inter-Site
Distance (ISD), e.g., a C-Net-like topology with approximately 50 sites, might be a
highly suitable compromise since they provide the benefits of the LTLP concept
with only a slightly increased number of necessary transmitters compared to the
current HTHP broadcast.
Third Scenario The deployment of eMBMS within an existing LTE network for
terrestrial broadcast offers data rates that are comparable to DVB-T2. Its dense
LTLP network topology leads to a significant reduction of the overall transmit power
while increasing the spectral efficiency by enabling large SFNs. However, the short
LTE guard distances limit network flexibility as small cells (and thus short ISDs)
are required to avoid self-interference. While the high overall number of required
transmitters results in a higher expenditure compared to the traditional HTHP
broadcast, roll-out costs can be significantly reduced by exploiting synergies with
the existing LTE infrastructure. The fusion of broadcast and unicast, and thus the
seamless integration of TV and internet, is a major advantage of eMBMS, as it bears
a huge potential for a variety attractive services and use cases. Furthermore, eMBMS
can be deployed in frequency bands adjacent to bands used for DVB-T without
interfering with existing TV transmission and can thus serve as Supplemental
Downlink (SDL). Therefore, eMBMS is theoretically the most appealing of all
presented transition scenarios in terms of spectral efficiency, power consumption
and service flexibility. Nonetheless, a transition from the current DVB-T to eMBMS
would be premature, since, in addition to regulatory and economic factors, several
technical issues have to be discussed before a broadcast with eMBMS will become
viable. In particular, longer guard intervals and dedicated broadcast carriers should
be part of a further evolution of eMBMS in the context of the 5G standardization.
Finally, the future spectrum demand and the potential for a second Digital
Dividend were discussed. Since the overall frequency consumption for terrestrial
broadcast is mostly dictated by the size of the underlying SFNs, large nation-
wide SFNs are highly beneficial for a minimum frequency usage. However, due
to regulatory limitations it cannot be generally assumed that every frequency
channel is available everywhere in Germany. Accordingly, a method to estimate
the minimum spectrum consumption of an optimal SFN under the constraints
of the GE06 Agreement was presented. It was shown that ideally, the spectrum
consumption for terrestrial broadcast in Germany (assuming four nation-wide
coverages) can be reduced by up to 50%, i.e., 160MHz of spectrum could be
re-allocated for a wide range of other services. Based on all previous results, options
for possible future spectrum re-allocations of the entire UHF bands were identified.
It is of special interest that these proposals incorporate the requirements of all
services not only including broadcasters and mobile network operators, but also
agencies for Public Protection and Disaster Relief (PPDR) and devices for Program
Making and Special Events (PMSE), e.g., wireless microphones.
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Chapter 7 – Summary
In conclusion, various proposals for an evolution of the current terrestrial
television broadcast were analyzed in this thesis. All proposals are characterized by
a more efficient use of the UHF spectrum compared to the current DVB-T network.
The corresponding spectrum re-allocation is driven by the agreed introduction of
DVB-T2 for DTT, which is, as determined in the previous evaluations, a compromise
between performance, costs, and regulatory aspects. Nonetheless, this thesis stresses
the importance of leaving options open for alternative terrestrial broadcast concepts.
As TV and internet will inevitably converge further, eMBMS (and its prospective
enhancements within 5G) remains an important viable option for future terrestrial
broadcast services.
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Appendix A
Frequencies for Mobile Communications
in Germany
A.1 Current Frequencies for Mobile Communications
In the following, all frequency bands that are currently available for mobile com-
munication services in Germany as detailed in [BNA12] will be discussed in short.
An overview over all frequency bands and their bandwidths is given in Table A.1.
Frequency License
Band Bandwidth Expires
450MHz 2× 5MHz 2020
800MHz 2× 30MHz 2025
900MHz 2× 35MHz 2016
1800MHz 2× 45MHz 20162× 25MHz 2025
2GHz
1× 15MHz 20202× 40MHz
1× 20MHz 20252× 20MHz
2.6GHz 1× 50MHz 20252× 70MHz 2025
3.5GHz 126MHz 202174MHz 2021
3.7GHz 200MHz 2022∑
1025MHz
Table A.1: Frequencies currently available for mobile communications in
Germany.
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450MHz The spectrum can be used for the technology-neutral deployment of
trunked radio systems. Those frequencies are used, amongst others, for
Terrestrial Trunked Radio (TETRA).
800MHz This frequency band (formerly used for terrestrial television) was re-
allocated for mobile broadband access in 2010 as part of the first Digital
Dividend, i.e., the transition from analogue to digital terrestrial television.
The spectrum can be used for technology-neutral mobile broadband access.
900 and 1800MHz Although those frequency bands were originally designated
for GSM only, they can now be used for a technology-neutral mobile broad-
band access. As both frequency bands are heavily fragmented (block sizes
from 0.6MHz to 17.4MHz, see also Fig. 2.9, p. 18), the BNetzA envisions a
re-organization of the spectrum towards a 5MHz grid in the course of the
next spectrum auction in 2015.
2GHz The frequency band was originally intended for UMTS. After the auction
in 2000, parts of the spectrum remained unused and were thus re-auctioned
in 2010. As of today, the spectrum can be used technology-neutral. Within
CEPT, there are attempts for a long-term re-allocation of the unpaired part
of the spectrum for different services than mobile broadband access.
2.6GHz The spectrum was auctioned in 2010 and can be used for technology-
neutral mobile broadband access.
3.5 and 3.7GHz The frequency bands are intended for both stationary and
nomadic access for Broadband Wireless Access (BWA). Parts of the spectrum
are only assigned regionally, partially due to the pre-existing usage by satellite
communication. Currently a modification of the technical parameters and a
subsequent reorganization is debated within CEPT.
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A.2 Recent Regulatory Developments as of 2015
In context of the announcements of the Media Broadcast GmbH [MB14] and the
public broadcasting agencies [ARD14] to pursue the implementation of a new
DVB-T2 network, and thus, the phase-out of the current terrestrial broadcast
with DVB-T, the German government finalized the re-allocation of the 700MHz
frequency band. After finishing the roll-out of the DVB-T2 network in spring
2016, the frequencies of the 700MHz band would not be needed for broadcasting
anymore and can therefore be successively used by the mobile network operators.
As of 2008, the mobile broadband network is envisaged to provide data rates of
at least 50Mbit/s, covering 98% of all German households. In order to make
the necessary frequency resources available a new frequency auction was held in
May/June 2015 [BNA15a]. As shown in Table A.2, frequencies to be auctioned
off included the frequencies of the 700MHz band, but also the frequencies of the
900MHz band and the 1800MHz which are already used for mobile broadband
access and which licenses expire by the end of 2016. The full spectrum allocation
(paired spectrum only) for the three German operators after the frequency auction
is visualized in Figure A.1.
Frequency Band Bandwidth
700MHz 2× 30MHz
900MHz 2× 35MHz
1800MHz 2× 50MHz
1.5GHz 1× 40MHz∑
270MHz
Table A.2: Frequencies auctioned in 2015.
The new frequency plan for the 700MHz band was developed by the BNetzA
based on the CEPT Report 53 [ECC14] and is in line with the pan-European
regulations for a harmonized frequency band. In total, 2 × 30MHz of paired
spectrum (with blocks of 5MHz each) are available for mobile broadband services.
For the large duplex gap with a bandwidth of 25MHz no allocation has been made
yet by the BNetzA. According to [ECC14], part of the duplex gap is dedicated
for Supplemental Downlink (SDL). Services that can be implemented in the SDL
spectrum are at the discretion of the individual national regulators; the usage for
PMSE services is suggested as one possible option. Alternatively, SDL can be
used for broadcast services via a mobile broadband network, e.g., eMBMS [DIG14].
Both current and future spectrum allocations of the 700MHz band are visualized
in Figure A.2.
As the re-allocation of the 700MHz band reduces spectrum that is available for
devices for Program Making and Special Events (PMSE), e.g., wireless microphones,
alternative frequency bands have to be identified. Apart from the duplex gaps,
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15 15 15 15 15 15
700MHz Band
licensed until 2031
703MHz
758MHz
733MHz
788MHz
10 10 10 10 10 10
800MHz Band
licensed until 2025
791MHz
832MHz
821MHz
862MHz
15 15 15 15 15 15 15
900MHz Band
licensed until 2031
880MHz
915MHz
915MHz
960MHz
10 10 10 15 15 15 15 15 15 15 15 15 15 15 15
1.8GHz Band
licensed until 2025/2031
1710MHz
1805MHz
1785MHz
1880MHz
00 00 10 10 00 00 10 10 00 00 00 00
2GHz Band (UMTS)
licensed until 2020/2025
1920MHz
2110MHz
1980MHz
2170MHz
10 10 10 10 10 10 10 10 10 10 10 10 10 10
2.6GHz Band (LTE)
licensed until 2025
2500MHz
2620MHz
2570MHz
2690MHz
Telefónica
T-Mobile
Vodafone
00 Auction 2000
10 Auction 2010
15 Auction 2015
Figure A.1: Frequencies (paired spectrum in blocks of 5MHz each) for
Mobile Internet in Germany [BNA15b].
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DVB-T 49 50 51 52 53 54 55 56 57 58 59 60 Broadband
DVB-T2 SDLUplink Downlink Broadband
694
MHz
703
MHz
733
MHz
758
MHz
791
MHz
Mobile
Broadband
Terrestrial
Broadcast
Guard
Space
Figure A.2: Current and future spectrum allocation for the 700MHz band.
the remaining TV spectrum and other frequency bands as tabulated in Table 6.1
(including mobile broadband duplex gaps), a new frequency band (1492 – 1518MHz)
has been made available for PMSE.
No dedicated spectrum has been allocated for agencies for Public Protection
and Disaster Relief (PPDR), i.e., Behörden und Organisationen mit Sicherheitsauf-
gaben (BOS). However, since the 700MHz band is designated for arbitrary mobile
broadband services, the usage of parts of that for BOS services is still an option.
In this regard, a close cooperation between PPDR agencies and mobile network
operators is recommended in [BNA15a].
121
Chapter A – Frequencies for Mobile Communications in Germany
122
Appendix B
DVB-T in North-Rhine Westphalia
The following table gives an overview over all current DVB-T transmitters in North
Rhine-Westphalia (NRW) and their transmission parameters [Tas13].
Location hTx Ch. f I rCC FFT δG MUX PTx
Aachen 133m
26 514 4 2/3 8K 1/4 ZDF 5 kW
37 602 6 1/2 8K 1/4 WDR 10 kW
50 706 4 2/3 8K 1/4 ARD 10 kW
Aachen
(Stolberg) 231m
26 514 4 2/3 8K 1/4 ZDF 20 kW
37 602 6 1/2 8K 1/4 WDR 50 kW
50 706 4 2/3 8K 1/4 ARD 50 kW
Bielefeld 164m
26 514 4 2/3 8K 1/4 ARD 20 kW
31 554 6 1/2 8K 1/4 WDR 20 kW
33 570 4 2/3 8K 1/4 ZDF 20 kW
Bonn
(Venusberg) 188m
26 514 4 2/3 8K 1/4 ZDF 20 kW
29 538 4 2/3 8K 1/4 RTL 20 kW
36 594 4 2/3 8K 1/4 Tele5 20 kW
49 698 6 1/2 8K 1/4 WDR 50 kW
50 706 4 2/3 8K 1/4 ARD 50 kW
53 730 4 2/3 8K 1/4 Pro7 20 kW
Dortmund 208m
25 506 4 2/3 8K 1/8 WDR 50 kW
29 538 4 2/3 8K 1/4 RTL 50 kW
35 586 4 2/3 8K 1/4 ZDF 50 kW
48 690 4 2/3 8K 1/4 ARD 50 kW
52 722 4 2/3 8K 1/4 Tele5 50 kW
55 746 4 2/3 8K 1/4 Pro7 50 kW
Düsseldorf 240m
29 538 4 2/3 8K 1/4 RTL 50 kW
35 586 4 2/3 8K 1/4 ZDF 50 kW
46 674 6 1/2 8K 1/4 WDR 100 kW
48 690 4 2/3 8K 1/4 ARD 50 kW
52 722 4 2/3 8K 1/4 Tele5 50 kW
55 746 4 2/3 8K 1/4 Pro7 50 kW
Essen 176m
29 538 4 2/3 8K 1/4 RTL 50 kW
35 586 4 2/3 8K 1/4 ZDF 50 kW
48 690 4 2/3 8K 1/4 ARD 50 kW
52 722 4 2/3 8K 1/4 Tele5 50 kW
55 746 4 2/3 8K 1/4 Pro7 50 kW
57 762 4 2/3 8K 1/8 WDR 50 kW
Gelsenkirchen 60m 57 762 4 2/3 8K 1/8 WDR 10 kW
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Location hTx Ch. f I rCC FFT δG MUX PTx
Gummersbach 55m
26 514 4 2/3 8K 1/4 ZDF 3 kW
49 698 6 1/2 8K 1/4 WDR 6 kW
50 706 4 2/3 8K 1/4 ARD 3 kW
Hochsauerland
(Hunau) 173m
27 522 6 1/2 8K 1/4 WDR 50 kW
30 546 4 2/3 8K 1/4 ZDF 50 kW
60 786 4 2/3 8K 1/4 ARD 50 kW
Hohe Warte
(Engelskirchen) 70m
26 514 4 2/3 8K 1/4 ZDF 3 kW
49 698 6 1/2 8K 1/4 WDR 6 kW
50 706 4 2/3 8K 1/4 ARD 3 kW
Kleve 126m 46 674 6 1/2 8K 1/4 WDR 5 kW48 690 4 2/3 8K 1/4 ARD 5 kW
Köln (Colonius) 253m
26 514 4 2/3 8K 1/4 ZDF 20 kW
29 538 4 2/3 8K 1/4 RTL 20 kW
36 594 4 2/3 8K 1/4 Tele5 20 kW
49 698 6 1/2 8K 1/4 WDR 50 kW
50 706 4 2/3 8K 1/4 ARD 50 kW
53 730 4 2/3 8K 1/4 Pro7 20 kW
Langenberg 301m
25 506 4 2/3 8K 1/8 WDR 50 kW
29 538 4 2/3 8K 1/4 RTL 50 kW
35 586 4 2/3 8K 1/4 ZDF 50 kW
46 674 6 1/2 8K 1/4 WDR 100 kW
48 690 4 2/3 8K 1/4 ARD 50 kW
52 722 4 2/3 8K 1/4 Tele5 50 kW
55 746 4 2/3 8K 1/4 Pro7 50 kW
Minden 142m
26 514 4 2/3 8K 1/4 ARD 5 kW
31 554 6 1/2 8K 1/4 WDR 5 kW
33 570 4 2/3 8K 1/4 ZDF 5 kW
Münster
(Nottuln) 181m
21 474 4 2/3 8K 1/4 ARD 50 kW
45 666 6 1/2 8K 1/4 WDR 50 kW
59 778 4 2/3 8K 1/4 ZDF 50 kW
Münster (Stadt) 230m
21 474 4 2/3 8K 1/4 ARD 5 kW
45 666 6 1/2 8K 1/4 WDR 5 kW
59 778 4 2/3 8K 1/4 ZDF 5 kW
Nordhelle 150m
27 522 6 1/2 8K 1/4 WDR 50 kW
30 546 4 2/3 8K 1/4 ZDF 50 kW
60 786 4 2/3 8K 1/4 ARD 100 kW
Siegen
(Giersberg) 103m
27 522 6 1/2 8K 1/4 WDR 20 kW
30 546 4 2/3 8K 1/4 ZDF 20 kW
60 786 4 2/3 8K 1/4 ARD 40 kW
Teutoburger
Wald
(Bielstein)
290m
26 514 4 2/3 8K 1/4 ARD 50 kW
31 554 6 1/2 8K 1/4 WDR 50 kW
33 570 4 2/3 8K 1/4 ZDF 50 kW
Wesel 321m
29 538 4 2/3 8K 1/4 RTL 50 kW
35 586 4 2/3 8K 1/4 ZDF 50 kW
46 674 6 1/2 8K 1/4 WDR 100 kW
48 690 4 2/3 8K 1/4 ARD 50 kW
52 722 4 2/3 8K 1/4 Tele5 50 kW
55 746 4 2/3 8K 1/4 Pro7 50 kW
Wuppertal 99m
22 482 4 2/3 8K 1/8 WDR 20 kW
35 586 4 2/3 8K 1/4 ZDF 20 kW
48 690 4 2/3 8K 1/4 ARD 20 kW
Table B.1: DVB-T transmitters and current DVB-T parameterization in
North Rhine-Westphalia (NRW).
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Table B.2 gives an overview over the composition of the seven TV multiplexes,
each consisting of four simultaneously transmitted TV programs, in NRW. It should
be noted that some multiplexes are not available state-wide, but only regionally.
The programs of the WDR multiplex vary regionally.
Multiplex Programs
ARD
Das Erste
arte
Phoenix
EinsFestival
ZDF
ZDF
3sat
KiKa / ZDFneo
ZDFinfo
WDR
WDR
NDR (WDR)
MDR (WDR)
SWR
RTL
RTL
RTL2
Super RTL
VOX
Pro7
ProSieben
Sat.1
Kabel1
N24
Tele5
Tele5
CNN
Eurosport
VIVA
Table B.2: TV multiplexes in North Rhine-Westphalia (NRW).
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Appendix C
Physical Layer Performance of DVB-Tx
C.1 DVB-T
Guard Interval δG
rCC 1/4 1/8 1/16 1/32
QPSK
(I = 2)
1/2 4.98 5.53 5.86 6.03
2/3 6.64 7.37 7.81 8.04
3/4 7.47 8.29 8.78 9.05
5/6 8.29 9.22 9.76 10.05
7/8 8.71 9.68 10.25 10.56
16QAM
(I = 4)
1/2 9.95 11.06 11.71 12.06
2/3 13.27 14.75 15.61 16.09
3/4 14.93 16.59 17.56 18.10
5/6 16.59 18.43 19.52 20.11
7/8 17.42 19.35 20.49 21.11
64QAM
(I = 6)
1/2 14.93 16.59 17.56 18.09
2/3 19.91 22.12 23.42 24.13
3/4 22.39 24.88 26.35 27.14
5/6 24.88 27.65 29.27 30.16
7/8 26.12 29.03 30.74 31.67
Table C.1: Maximum throughput RT1,max in Mbit/s for DVB-T in an
AWGN environment (simulated for 8K, B = 8MHz).
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C.2 DVB-T2
Guard Interval δG
rLDPC 1/4 19/128 1/8 19/256 1/16 1/32 1/128
QPSK
(I = 2)
1/2 5.95 6.47 6.60 6.92 6.99 7.21 7.37
3/5 7.14 7.77 7.93 8.31 8.40 8.66 8.86
2/3 7.94 8.65 8.83 9.24 9.35 9.63 9.85
3/4 8.94 9.73 9.93 10.39 10.51 10.83 11.08
4/5 9.53 10.38 10.59 11.09 11.22 11.56 11.82
5/6 9.94 10.82 11.04 11.56 11.69 12.05 12.33
16QAM
(I = 4)
1/2 11.89 12.94 13.21 13.83 13.99 14.41 14.75
3/5 14.28 15.55 15.87 16.62 16.80 17.31 17.71
2/3 15.89 17.29 17.65 18.49 18.69 19.26 19.71
3/4 17.87 19.45 19.86 20.79 21.02 21.66 22.17
4/5 19.07 20.75 21.19 22.19 22.43 23.11 23.65
5/6 19.88 21.63 22.08 23.13 23.38 24.09 24.65
64QAM
(I = 6)
1/2 17.83 19.41 19.82 20.75 20.98 21.62 22.12
3/5 21.42 23.32 23.80 24.93 25.20 25.97 26.57
2/3 23.83 25.94 26.48 27.73 28.04 28.89 29.56
3/4 26.81 29.18 29.78 31.19 31.54 32.49 33.25
4/5 28.60 31.13 31.78 33.28 33.65 34.67 35.47
5/6 29.81 32.45 33.13 34.69 35.07 36.14 36.98
256QAM
(I = 8)
1/2 23.78 25.88 26.42 27.67 27.98 28.82 29.49
3/5 28.56 31.09 31.74 33.24 33.61 34.62 35.43
2/3 31.78 34.59 35.31 36.98 37.39 38.52 39.41
3/4 35.74 38.90 39,71 41.59 42.05 43.32 44.33
4/5 38.13 41.51 42.37 44.37 44.86 46.22 47.27
5/6 39.75 43.27 44.17 46.26 46.77 48.18 49.30
Table C.2: Maximum throughput RT2,max in Mbit/s for DVB-T2 in an
AWGN environment (simulated for 8K, B = 8MHz).
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C.2 DVB-T2
Guard Interval δG
rLDPC 1/4 19/128 1/8 19/256 1/16 1/32 1/128
QPSK
(I = 2)
1/2 5.93 6.45 6.59 6.90 6.98 7.19 7.36
3/5 7.12 7.75 7.91 8.28 8.37 8.63 8.83
2/3 7.91 8.61 8.79 9.20 9.30 9.58 9.81
3/4 8.90 9.68 9.88 10.35 10.47 10.78 11.03
4/5 9.49 10.33 10.54 11.04 11.16 11.50 11.77
5/6 9.88 10.76 10.98 11.50 11.63 11.98 12.26
16QAM
(I = 4)
1/2 11.86 12.91 13.18 13.80 13.95 14.38 14.71
3/5 14.23 15.49 15.81 16.56 16.74 17.25 17.65
2/3 15.81 17.21 17.57 18.40 18.60 19.17 19.61
3/4 17.79 19.36 19.77 20.70 20.93 21.56 22.07
4/5 18.98 20.66 21.09 22.08 22.33 23.00 23.54
5/6 19.77 21.52 21.96 23.00 23.26 23.96 24.52
64QAM
(I = 6)
1/2 17.79 19.36 19.77 20.70 20.93 21.56 22.07
3/5 21.35 23.24 23.72 24.84 25.12 25.88 26.48
2/3 23.72 25.82 26.36 27.60 27.91 28.75 29.42
3/4 26.69 29.05 29.65 31.05 31.40 32.35 33.10
4/5 28.47 30.98 31.63 33.12 33.49 34.50 35.31
5/6 29.65 32.27 32.95 34.50 34.88 35.94 36.78
256QAM
(I = 8)
1/2 23.72 25.82 26.36 27.60 27.91 28.75 29.42
3/5 28.47 30.98 31.63 33.12 33.49 34.50 35.31
2/3 31.63 34.43 35.14 36.80 37.21 38.34 39.23
3/4 35.58 38.73 39.54 41.40 41.86 43.13 44.13
4/5 37.95 41.31 42.17 44.16 44.65 46.00 47.07
5/6 39.54 43.03 43.93 46.00 46.51 47.92 49.04
Table C.3: Maximum throughput RT2,max in Mbit/s for DVB-T2 in an
AWGN environment (simulated for 8K, B = 8MHz).
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Appendix D
Mathematical Derivations
D.1 Proofs for HARQ with Unreliable Feedback
Proof of Property (3.31b)
With (3.30), Qi|i and Qi+1|i+1 can be expressed according to
Qi|i = 1−
i−1∑
j=1
Qj|i (D.1)
Qi+1|i+1 = 1−
i∑
j=1
Qj|i+1. (D.2)
Subtraction of both terms results in
Qi|i −Qi+1|i+1 = 1−
i−1∑
j=1
Qj|i −
(
1−
i∑
j=1
Qj|i+1
)
=
i∑
j=1
Qj|i+1 −
i−1∑
j=1
Qj|i. (D.3)
Accounting for Property (3.31a), this simplifies to
Qi|i −Qi+1|i+1 =
i−1∑
j=1
Qj|i +Qi|i+1 −
i−1∑
j=1
Qj|i
= Qi|i+1. (D.4)
Conversion to Qi|i proves Property (3.31b).
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Proof of Equation (3.32)
For the unreliable HARQ system, the average number of transmissions K [unrel] is
given according to (3.29):
K [unrel] =
K∑
i=1
i ·Qi|K =
K−1∑
i=1
i ·Qi|K +K ·QK|K . (D.5)
Using successively Property (3.31a), this can be rewritten as
K [unrel] =
K−1∑
i=1
i ·Qi|i+1 +K ·QK|K . (D.6)
By means of Property (3.31b), (D.6) can further be transformed to
K [unrel] =
K−1∑
i=1
i
(
Qi|i −Qi+1|i+1
)
+K ·QK|K (D.7)
and simplified resulting in
K [unrel] =
K−2∑
i=0
(i+1)Qi+1|i+1−
K−1∑
i=0
i·Qi+1|i+1+K ·QK|K
=
K−2∑
i=0
Qi+1|i+1 − (K − 1) ·QK|K +K ·QK|K
=
K−1∑
i=1
Qi|i +QK|K
=
K∑
i=1
Qi|i. (D.8)
Proof of Equation (3.34)
Let K = 1. Then:
C(1, PN,P) = 1 (D.9)
This is obviously true since the throughput is not affected if just one transmission
is carried out. Assume for K = L that (3.34) holds, that is, that
C(L,PN,P) = 1− PN
L−1∑
i=1
Pi (1− PN)i−1 . (D.10)
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Let K = L+ 1. Using the additional probability of loosing a frame exactly after
the L-th transmission PNPL(1− PN)L−1 it now can be stated that:
C(L+ 1, PN,P) = 1− PN
L−1∑
i=1
Pi (1− PN)i−1
− PNPL (1− PN)L−1
= 1− PN
(L+1)−1∑
i=1
Pi (1− PN)i−1 . (D.11)
Proof of Equation (3.39)
For PA = PN = 1/2, (3.33) simplifies to
Qi|i =
(1
2
)i−1(
Pi−1 +
i−1∑
j=1
(Pi−j−1 − Pi−j)
)
=
(1
2
)i−1(
Pi−1 +
i−1∑
j=1
Pi−j−1 −
i−1∑
j=1
Pi−j
)
=
(1
2
)i−1(
Pi−1 +
i−1∑
j=1
Pi−j−1 −
i−2∑
j=0
Pi−j−1
)
=
(1
2
)i−1
(Pi−1 + P0 − Pi−1)
=
(1
2
)i−1
. (D.12)
Proof of Equation (3.50)
For PN = 0, K [unrel] is determined by
K [unrel] =
K∑
i=1
(
i−1∑
j=1
(Pi−j−1 − Pi−j)P jA + Pi−1
)
= 1 +
K−1∑
i=1
Pi +
K∑
i=2
i−1∑
j=1
(Pi−j−1 − Pi−j)P jA. (D.13)
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Using (3.44), this can be rewritten as
K [unrel] = K [rel] +
K−1∑
i=1
i∑
j=1
(Pi−j − Pi−j+1)P jA
= K [rel] +
K−1∑
i=1
i∑
j=1
Pi−jP
j
A −
K−1∑
i=1
i∑
j=1
Pi−j+1P
j
A. (D.14)
By means of index substitution i−j → i−j+1 within the first sum, this transforms
to
K [unrel] = K [rel] +
K−2∑
i=0
i+1∑
j=1
Pi−j+1P
j
A −
K−1∑
i=1
i∑
j=1
Pi−j+1P
j
A
= K [rel] + P0PA −
K−1∑
j=1
PK−jP
j
A +
K−2∑
i=1
P0P
i+1
A
= K [rel] +
K−1∑
i=1
P iA −
1∑
i=K−1
PiP
K−i
A
= 1 +
K−1∑
i=1
Pi +
K−1∑
i=1
(
P iA−PiPK−iA
)
, (D.15)
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D.2 Conversion of Power and Field Strength
The relationship between the power received at a user terminal PRx in W and the
field strength ERx in µV/m at the receiving site is given by:
PRx =
E2Rx
120piAeff . (D.16)
For isotropic antennas the effective antenna aperture Aeff is defined as:
Aeff =
λ20
4pi =
1
4pi
(
c
f0
)2
. (D.17)
Substituting (D.17) in (D.16) yields:
PRx =
E2Rx
120pi ·
1
4pi
(
c
f0
)2
=
(
c
4pif0
)2
E2Rx
30 . (D.18)
Conversion of (D.18) in the logarithmic domain and unit conversion results in:
10 log
(
PRx
W
)
= 20 log
(
1
4pi ·
c
m/s
)
− 20 log
(
f0
Hz
)
+ 20 log
(
ER
V/m
)
− 10 log(30)
= 20 log
(
1
4pi ·
c
m/s
)
−
(
20 log
(
f0
MHz
)
+ 120
)
+
(
20 log
(
ERx
µV/m
)
− 120
)
− 10 log(30)
= 20 log
(
ERx
µV/m
)
− 20 log
(
f0
MHz
)
− 107.219 (D.19)
The field strength E[dB]Rx in dB (µV/m) at a receiving site is therefore given by:
E
[dB]
Rx = 10 log
(
PRx
W
)
+ 20 log
(
f0
MHz
)
+ 107.219. (D.20)
135
Chapter D – Mathematical Derivations
D.3 Derivation of UHF Compliance Distances
Electrical field strength limit Elim in V/m for f0 = 400 . . . 2000MHz is defined
according to [Int98]:
Elim = 1.375
√
f0. (D.21)
The maximum average power density Pd in W/m2 is therefore restricted by
Pd =
E2lim
370 Ω . (D.22)
The compliance distance dcomp, i.e., the minimum distance to the general public
from the base station in the main-beam direction of the antenna, is given by
dcomp =
√
PEIRP
4piPd
, (D.23)
where PEIRP is the Equivalent Isotropically Radiated Power (EIRP). Typical
compliance distances for f0 ∈ {500MHz, 700MHz} are shown in Table D.1.
10 log
(
PEIRP
W
) dcomp
f0 = 500MHz f0 = 700MHz
60dB 178.1m 150.6m
50dB 56.3m 47.6m
40dB 17.8m 15.1m
30dB 5.6m 4.8m
20dB 1.8m 1.5m
10dB 0.6m 0.5m
Table D.1: Compliance distances for f0 ∈ {500MHz, 700MHz}.
136
Appendix E
Coverage Simulation Results
E.1 Coverage of NRW with DVB-Tx
DVB-T DVB-T2
f
0
=
50
0
M
H
z
P
.5
29
A1 100.00% 100.00%
A2 97.38% 99.83%
B 64.16% 81.51%
C 17.05% 32.26%
P
.1
81
2 A1 99.09% 99.71%
A2 90.10% 94.64%
B 75.33% 81.99%
C 35.95% 54.61%
f
0
=
70
0
M
H
z
P
.5
29
A1 100.00% 100.00%
A2 91.27% 97.66%
B 47.49% 67.74%
C 9.76% 19.70%
P
.1
81
2 A1 97.78% 99.05%
A2 85.03% 89.65%
B 68.79% 76.79%
C 26.72% 43.85%
Table E.1: Coverage of NRW for DVB-T and DVB-T2 (both with 8K,
δG = 1/4) in an MFN for the ZDF multiplex (Ptot = 591 kW).
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FFT 8K 8K 8K 8K 32K 32K
δG 1/4 1/8 1/16 1/32 19/128 1/8
f
0
=
50
0
M
H
z
D
V
B
-T
A1 100.00% 90.25% 52.61% 37.44% — —
A2 98.18% 86.62% 50.46% 36.37% — —
B 70.35% 62.10% 39.04% 29.01% — —
C 19.02% 17.99% 14.56% 12.05% — —
D
V
B
-T
2 A1 100.00% 98.07% 78.80% 59.00% 100.00% 100.00%
A2 100.00% 97.35% 77.56% 58.17% 100.00% 100.00%
B 88.46% 82.01% 64.95% 50.11% 89.01% 89.00%
C 36.07% 34.61% 30.15% 25.22% 36.16% 36.16%
f
0
=
70
0
M
H
z
D
V
B
-T
A1 100.00% 91.95% 55.62% 39.61% — —
A2 95.39% 83.84% 50.50% 36.47% — —
B 53.01% 47.57% 32.95% 25.05% — —
C 10.36% 10.02% 8.72% 7.63% — —
D
V
B
-T
2 A1 100.00% 98.60% 80.75% 60.78% 100.00% 100.00%
A2 98.96% 96.40% 78.00% 58.87% 99.16% 99.16%
B 73.71% 70.34% 56.48% 44.50% 73.99% 73.99%
C 22.17% 21.71% 19.37% 16.96% 22.20% 22.20%
Table E.2: Coverage of NRW for DVB-T and DVB-T2 in an SFN for P.529
propagation (ZDF multiplex with Ptot = 591 kW).
FFT 8K 8K 8K 8K 32K 32K
δG 1/4 1/8 1/16 1/32 19/128 1/8
f
0
=
50
0
M
H
z
D
V
B
-T
A1 93.68% 73.23% 43.45% 31.72% — —
A2 87.21% 67.91% 42.40% 32.44% — —
B 74.81% 58.29% 36.80% 28.48% — —
C 39.63% 31.42% 22.94% 18.26% — —
D
V
B
-T
2 A1 96.78% 87.42% 63.75% 48.51% 99.87% 99.87%
A2 93.19% 83.61% 61.96% 48.84% 96.38% 96.37%
B 82.45% 75.00% 55.68% 44.23% 84.19% 84.18%
C 60.79% 53.07% 39.70% 32.30% 62.22% 62.22%
f
0
=
70
0
M
H
z
D
V
B
-T
A1 92.35% 70.20% 41.49% 30.37% — —
A2 82.89% 67.34% 43.13% 32.77% — —
B 69.36% 55.62% 35.81% 27.51% — —
C 29.04% 24.91% 18.43% 14.92% — —
D
V
B
-T
2 A1 96.40% 86.45% 61.80% 47.04% 99.59% 99.58%
A2 89.26% 80.84% 61.40% 48.42% 91.80% 91.79%
B 77.50% 71.17% 54.09% 42.96% 78.88% 78.88%
C 49.44% 44.46% 34.35% 28.18% 50.67% 50.67%
Table E.3: Coverage of NRW for DVB-T and DVB-T2 in an SFN for
P.1812 propagation (ZDF multiplex with Ptot = 591 kW).
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E.2 Coverage of NRW with eMBMS
TG 16.7µs 33.3µs
SNRmin 6.4 dB 11.6 dB 6.4 dB 11.6 dB
f
0
=
50
0
M
H
z
P
.5
29
A1 89.14% 54.40% 99.22% 82.66%
A2 79.98% 46.63% 92.21% 64.72%
B 42.41% 11.00% 46.39% 16.73%
C 0.51% 0.00% 0.55% 0.00%
P
.1
81
2 A1 63.90% 30.39% 90.35% 59.97%
A2 71.30% 41.65% 88.87% 64.18%
B 65.81% 35.18% 83.39% 53.00%
C 35.39% 14.37% 44.32% 18.88%
f
0
=
70
0
M
H
z
P
.5
29
A1 89.18% 54.46% 99.23% 82.74%
A2 71.54% 39.98% 82.25% 53.27%
B 25.10% 2.40% 27.99% 3.76%
C 0.04% 0.00% 0.04% 0.00%
P
.1
81
2 A1 59.30% 28.26% 88.34% 56.33%
A2 72.19% 40.09% 89.56% 65.03%
B 61.89% 29.07% 79.40% 45.21%
C 23.51% 8.02% 29.47% 10.61%
Table E.4: Coverage of NRW for eMBMS, fixed power (PTx = 20W,
Ptot = 92.92 kW), GSM network topology (NTx = 4646).
TG 16.7µs 33.3µs
SNRmin 6.4 dB 11.6 dB 6.4 dB 11.6 dB
f
0
=
50
0
M
H
z
P
.5
29
A1 89.26% 54.53% 99.25% 82.95%
A2 85.24% 50.80% 97.06% 73.56%
B 57.45% 27.55% 64.24% 36.91%
C 5.42% 0.16% 6.39% 0.22%
P
.1
81
2 A1 63.92% 30.42% 90.37% 60.01%
A2 71.71% 42.07% 89.27% 64.93%
B 69.07% 38.85% 86.44% 59.28%
C 48.55% 21.69% 61.64% 30.21%
f
0
=
70
0
M
H
z
P
.5
29
A1 89.37% 54.66% 99.28% 83.23%
A2 80.56% 47.09% 92.86% 65.53%
B 43.58% 12.04% 47.55% 18.16%
C 0.57% 0.00% 0.67% 0.01%
P
.1
81
2 A1 59.34% 28.31% 88.38% 56.42%
A2 72.84% 40.88% 90.28% 66.50%
B 67.99% 34.87% 85.47% 55.57%
C 37.02% 14.21% 47.73% 19.59%
Table E.5: Coverage of NRW for eMBMS, fixed power (PTx = 50W,
Ptot = 232.2 kW), GSM network topology (NTx = 4646).
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TG 16.7µs 33.3µs
SNRmin 6.4 dB 11.6 dB 6.4 dB 11.6 dB
f
0
=
50
0
M
H
z
P
.5
29
A1 89.30% 54.59% 99.27% 83.09%
A2 88.22% 53.55% 98.81% 80.29%
B 75.87% 43.30% 87.64% 58.84%
C 33.14% 4.94% 36.33% 7.73%
P
.1
81
2 A1 64.03% 30.48% 90.38% 59.99%
A2 72.00% 42.35% 89.56% 65.44%
B 71.12% 41.43% 88.52% 63.67%
C 63.66% 33.03% 80.06% 49.17%
f
0
=
70
0
M
H
z
P
.5
29
A1 89.45% 54.75% 99.32% 83.46%
A2 87.01% 52.36% 98.18% 77.40%
B 65.42% 34.80% 74.39% 46.18%
C 13.41% 0.75% 15.33% 1.06%
P
.1
81
2 A1 59.46% 28.39% 88.40% 56.40%
A2 73.42% 41.51% 90.71% 67.45%
B 71.83% 39.60% 89.01% 64.00%
C 58.15% 26.06% 73.73% 40.09%
Table E.6: Coverage of NRW for eMBMS, fixed power (PTx = 200W,
Ptot = 929 kW), GSM network topology (NTx = 4646).
TG 16.7µs 33.3µs
SNRmin 6.4 dB 11.6 dB 6.4 dB 11.6 dB
f
0
=
50
0
M
H
z
P
.5
29
A1 89.31% 54.61% 99.27% 83.11%
A2 88.90% 54.13% 99.08% 81.94%
B 83.02% 49.02% 95.24% 69.58%
C 49.69% 19.20% 54.68% 27.09%
P
.1
81
2 A1 64.04% 30.48% 90.38% 60.00%
A2 72.04% 42.43% 89.61% 65.56%
B 71.54% 42.00% 89.09% 64.64%
C 68.06% 37.65% 85.16% 57.16%
f
0
=
70
0
M
H
z
P
.5
29
A1 89.47% 54.77% 99.32% 83.51%
A2 88.49% 53.77% 98.90% 80.85%
B 76.52% 43.90% 88.38% 59.68%
C 34.39% 5.47% 37.55% 8.56%
P
.1
81
2 A1 59.46% 28.39% 88.40% 56.40%
A2 73.54% 41.66% 90.88% 67.67%
B 72.65% 40.71% 89.93% 65.96%
C 66.03% 32.78% 82.81% 51.63%
Table E.7: Coverage of NRW for eMBMS, fixed power (PTx = 500W,
Ptot = 2322 kW), GSM network topology (NTx = 4646).
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TG 16.7µs 33.3µs
SNRmin 6.4 dB 11.6 dB 6.4 dB 11.6 dB
f
0
=
50
0
M
H
z
P
.5
29
A1 56.20% 35.06% 67.55% 42.34%
A2 55.43% 34.01% 66.33% 40.87%
B 48.05% 26.99% 56.98% 31.89%
C 24.98% 11.34% 27.95% 12.44%
P
.1
81
2 A1 46.55% 29.10% 55.62% 35.57%
A2 47.24% 30.23% 54.88% 35.80%
B 42.74% 26.40% 49.52% 31.22%
C 31.81% 17.16% 36.30% 19.54%
f
0
=
70
0
M
H
z
P
.5
29
A1 57.79% 36.75% 69.21% 44.72%
A2 55.94% 33.99% 66.74% 40.76%
B 43.13% 23.39% 50.22% 27.14%
C 16.87% 7.28% 18.51% 7.70%
P
.1
81
2 A1 45.16% 27.94% 54.03% 33.97%
A2 46.61% 30.21% 54.20% 36.05%
B 41.48% 25.25% 48.06% 29.99%
C 27.82% 14.12% 31.56% 15.81%
Table E.8: Coverage of NRW for eMBMS, DVB-T network layout, SFN,
DVB-T transmit powers (ZDF multiplex,Ptot = 591 kW).
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E.3 Coverage Optimization for DVB-T2
E.3.1 Coverage optimization for DVB sites
Scen. TG δG Ptot Pav NTx Coverage
A1 32k
19/128 1.44 kW 102.55W 14/22 100%
1/8 1.44 kW 102.6W 14/22 100%
1/16 1.47 kW 97.77W 15/22 100%
1/32 2.55 kW 141.76W 18/22 100%
A2 32k
19/128 93.79 kW 6.25 kW 15/22 100%
1/8 93.83 kW 6.7 kW 14/22 100%
1/16 95.8 kW 5.64 kW 17/22 100%
1/32 166.69 kW 9.26 kW 18/22 100%
B 32k
19/128 1.49MW 106.66 kW 14/22 100%
1/8 1.49MW 106.71 kW 14/22 100%
1/16 1.53MW 72.64 kW 21/22 100%
1/32 2.65MW 126.39 kW 21/22 100%
C 32k
19/128 26.98MW 1.8MW 15/22 100%
1/8 27.03MW 1.23MW 22/22 100%
1/16 27.64MW 1.63MW 17/22 100%
1/32 — — — —
Table E.9: Coverage Optimization NRW (C = 100 %), DVB-T2, DVB
network topology, ITU-R P.529-3, f0 = 500 MHz.
Scen. TG δG Ptot Pav NTx Coverage
A1 32k
19/128 2.93 kW 209.28W 14/22 100%
1/8 2.93 kW 209.33W 14/22 100%
1/16 2.98 kW 198.34W 15/22 100%
1/32 4.8 kW 266.76W 18/22 100%
A2 32k
19/128 257.36 kW 18.38 kW 14/22 100%
1/8 257.42 kW 18.39 kW 14/22 100%
1/16 261.33 kW 15.37 kW 17/22 100%
1/32 421.78 kW 23.43 kW 18/22 100%
B 32k
19/128 4.1MW 292.69 kW 14/22 100%
1/8 4.1MW 186.31 kW 22/22 100%
1/16 4.16MW 244.76 kW 17/22 100%
1/32 6.72MW 353.45 kW 19/22 100%
C 32k
19/128 — — — —
1/8 — — — —
1/16 — — — —
1/32 — — — —
Table E.10: Coverage Optimization NRW (C = 100 %), DVB-T2, DVB
network topology, ITU-R P.529-3, f0 = 700 MHz.
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Scen. TG δG Ptot Pav NTx Coverage
A1 32k
19/128 1.12 kW 70.11W 16/22 97.18%
1/8 1.12 kW 70.14W 16/22 97.24%
1/16 1.04 kW 64.81W 16/22 97.28%
1/32 1.35 kW 75.21W 18/22 97.73%
A2 32k
19/128 73.29 kW 4.58 kW 16/22 97.18%
1/8 73.32 kW 4.58 kW 16/22 97.24%
1/16 67.75 kW 4.23 kW 16/22 97.28%
1/32 88.44 kW 4.42 kW 20/22 97.73%
B 32k
19/128 1.17MW 72.93 kW 16/22 97.18%
1/8 1.17MW 72.96 kW 16/22 97.24%
1/16 1.08MW 59.93 kW 18/22 97.28%
1/32 1.41MW 78.23 kW 18/22 97.73%
C 32k
19/128 19.53MW 887.5 kW 22/22 97.22%
1/8 19.58MW 1.03MW 19/22 97.19%
1/16 18.54MW 882.97 kW 21/22 97.42%
1/32 20.10MW 913.43 kW 22/22 97.53%
Table E.11: Coverage Optimization NRW (C ≈ 97 %), DVB-T2, DVB
network topology, ITU-R P.529-3, f0 = 500 MHz.
Scen. TG δG Ptot Pav NTx Coverage
A1 32k
19/128 2.28 kW 142.36W 16/22 97.9%
1/8 2.28 kW 142.4W 16/22 97.74%
1/16 2.09 kW 122.82W 17/22 97.57%
1/32 2.56 kW 134.83W 19/22 97.78%
A2 32k
19/128 200.07 kW 11.77 kW 17/22 97.9%
1/8 200.13 kW 11.77 kW 17/22 97.74%
1/16 183.4 kW 10.79 kW 17/22 97.57%
1/32 225.03 kW 11.25 kW 20/22 97.78%
B 32k
19/128 3.19MW 144.8 kW 22/22 97.9%
1/8 3.19MW 199.16 kW 16/22 97.74%
1/16 2.92MW 171.77 kW 17/22 97.57%
1/32 3.58MW 179.15 kW 20/22 97.78%
C 32k
19/128 — — — —
1/8 — — — —
1/16 — — — —
1/32 — — — —
Table E.12: Coverage Optimization NRW (C ≈ 97 %), DVB-T2, DVB
network topology, ITU-R P.529-3, f0 = 700 MHz.
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Scen. TG δG Ptot Pav NTx Coverage
A1 32k
19/128 886.25W 55.39W 16/22 91.48%
1/8 886.56W 55.41W 16/22 92.02%
1/16 784.57W 43.59W 18/22 92.45%
1/32 917.31W 48.28W 19/22 93.9%
A2 32k
19/128 57.9 kW 3.62 kW 16/22 91.48%
1/8 57.92 kW 3.22 kW 18/22 92.02%
1/16 51.25 kW 2.85 kW 18/22 92.45%
1/32 59.93 kW 3.15 kW 19/22 93.9%
B 32k
19/128 921.83 kW 41.9 kW 22/22 91.48%
1/8 922.15 kW 51.23 kW 18/22 92.02%
1/16 816.06 kW 45.34 kW 18/22 92.45%
1/32 954.14 kW 43.37 kW 22/22 93.9%
C 32k
19/128 14.08MW 640.16 kW 22/22 91.39%
1/8 14.09MW 782.52 kW 18/22 91.41%
1/16 13.36MW 607.43 kW 22/22 91.66%
1/32 11.77MW 619.28 kW 19/22 93.48%
Table E.13: Coverage Optimization NRW (C ≈ 91 %), DVB-T2, DVB
network topology, ITU-R P.529-3, f0 = 500 MHz.
Scen. TG δG Ptot Pav NTx Coverage
A1 32k
19/128 1.78 kW 104.67W 17/22 92.6%
1/8 1.78 kW 104.69W 17/22 92.54%
1/16 1.6 kW 88.66W 18/22 91.52%
1/32 1.71 kW 89.97W 19/22 93.66%
A2 32k
19/128 156.3 kW 9.19 kW 17/22 92.6%
1/8 156.33 kW 9.2 kW 17/22 92.54%
1/16 140.18 kW 7.79 kW 18/22 91.52%
1/32 150.16 kW 7.9 kW 19/22 93.66%
B 32k
19/128 2.49MW 113.12 kW 22/22 92.6%
1/8 2.49MW 113.14 kW 22/22 92.54%
1/16 2.23MW 123.99 kW 18/22 91.52%
1/32 2.39MW 108.67 kW 22/22 93.66%
C 32k
19/128 — — — —
1/8 — — — —
1/16 — — — —
1/32 — — — —
Table E.14: Coverage Optimization NRW (C ≈ 91 %), DVB-T2, DVB
network topology, ITU-R P.529-3, f0 = 700 MHz.
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Scen. TG δG Ptot Pav NTx Coverage
A1 32k
19/128 667.28 kW 74.14 kW 9/22 100%
1/8 667.29 kW 60.66 kW 11/22 100%
1/16 — — — —
1/32 — — — —
A2 32k
19/128 6.69MW 514.91 kW 13/22 100%
1/8 6.69MW 608.59 kW 11/22 100%
1/16 — — — —
1/32 — — — —
B 32k
19/128 — — — —
1/8 — — — —
1/16 — — — —
1/32 — — — —
C 32k
19/128 — — — —
1/8 — — — —
1/16 — — — —
1/32 — — — —
Table E.15: Coverage Optimization NRW (C = 100 %), DVB-T2, DVB
network topology, ITU-R P.1812-3, f0 = 500 MHz.
Scen. TG δG Ptot Pav NTx Coverage
A1 32k
19/128 2.61MW 130.65 kW 20/22 100%
1/8 2.61MW 237.54 kW 11/22 100%
1/16 — — — —
1/32 — — — —
A2 32k
19/128 38.38MW 1.74MW 22/22 100%
1/8 38.39MW 1.92MW 20/22 100%
1/16 — — — —
1/32 — — — —
B 32k
19/128 — — — —
1/8 — — — —
1/16 — — — —
1/32 — — — —
C 32k
19/128 — — — —
1/8 — — — —
1/16 — — — —
1/32 — — — —
Table E.16: Coverage Optimization NRW (C = 100 %), DVB-T2, DVB
network topology, ITU-R P.1812-3, f0 = 700 MHz.
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Scen. TG δG Ptot Pav NTx Coverage
A1 32k
19/128 38.49 kW 2.75 kW 14/22 97.3%
1/8 41.48 kW 3.46 kW 12/22 97.63%
1/16 — — — —
1/32 — — — —
A2 32k
19/128 783.71 kW 71.25 kW 11/22 97.06%
1/8 814.92 kW 58.21 kW 14/22 97.1%
1/16 — — — —
1/32 — — — —
B 32k
19/128 — — — —
1/8 — — — —
1/16 — — — —
1/32 — — — —
C 32k
19/128 — — — —
1/8 — — — —
1/16 — — — —
1/32 — — — —
Table E.17: Coverage Optimization NRW (C ≈ 97 %), DVB-T2, DVB
network topology, ITU-R P.1812-3, f0 = 500 MHz.
Scen. TG δG Ptot Pav NTx Coverage
A1 32k
19/128 135.98 kW 7.55 kW 18/22 97.56%
1/8 137.67 kW 10.59 kW 13/22 97.68%
1/16 — — — —
1/32 — — — —
A2 32k
19/128 3.22MW 169.3 kW 19/22 97.76%
1/8 3.36MW 168.04 kW 20/22 97.88%
1/16 — — — —
1/32 — — — —
B 32k
19/128 — — — —
1/8 — — — —
1/16 — — — —
1/32 — — — —
C 32k
19/128 — — — —
1/8 — — — —
1/16 — — — —
1/32 — — — —
Table E.18: Coverage Optimization NRW (C ≈ 97 %), DVB-T2, DVB
network topology, ITU-R P.1812-3, f0 = 700 MHz.
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Scen. TG δG Ptot Pav NTx Coverage
A1 32k
19/128 11.88 kW 913.7W 13/22 91.24%
1/8 13.35 kW 1.11 kW 12/22 92.97%
1/16 — — — —
1/32 — — — —
A2 32k
19/128 224.22 kW 17.25 kW 13/22 91.05%
1/8 242.06 kW 15.13 kW 16/22 91.8%
1/16 — — — —
1/32 — — — —
B 32k
19/128 — — — —
1/8 — — — —
1/16 — — — —
1/32 — — — —
C 32k
19/128 — — — —
1/8 — — — —
1/16 — — — —
1/32 — — — —
Table E.19: Coverage Optimization NRW (C ≈ 91 %), DVB-T2, DVB
network topology, ITU-R P.1812-3, f0 = 500 MHz.
Scen. TG δG Ptot Pav NTx Coverage
A1 32k
19/128 38.21 kW 2.55 kW 15/22 91.72%
1/8 41.94 kW 3.49 kW 12/22 91.77%
1/16 — — — —
1/32 — — — —
A2 32k
19/128 1.13MW 62.98 kW 18/22 91.77%
1/8 1.2MW 75.06 kW 16/22 92.47%
1/16 — — — —
1/32 — — — —
B 32k
19/128 — — — —
1/8 — — — —
1/16 — — — —
1/32 — — — —
C 32k
19/128 — — — —
1/8 — — — —
1/16 — — — —
1/32 — — — —
Table E.20: Coverage Optimization NRW (C ≈ 91 %), DVB-T2, DVB
network topology, ITU-R P.1812-3, f0 = 700 MHz.
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E.3.2 Coverage optimization for C-Net sites
Scen. TG δG Ptot Pav NTx Coverage
A1 32k
19/128 1.18 kW 31.08W 38/99 100%
1/8 1.18 kW 31.09W 38/99 100%
1/16 1.2 kW 27.96W 43/99 100%
1/32 1.44 kW 20.93W 69/99 100%
A2 32k
19/128 77.16 kW 2.03 kW 38/99 100%
1/8 77.18 kW 2.03 kW 38/99 100%
1/16 78.54 kW 1.79 kW 44/99 100%
1/32 94.34 kW 1.37 kW 69/99 100%
B 32k
19/128 1.23MW 12.8 kW 96/99 100%
1/8 1.23MW 12.41 kW 99/99 100%
1/16 1.25MW 29.08 kW 43/99 100%
1/32 1.5MW 21.77 kW 69/99 100%
C 32k
19/128 22.89MW 231.18 kW 99/99 100%
1/8 22.89MW 231.25 kW 99/99 100%
1/16 23.25MW 494.64 kW 47/99 100%
1/32 28.17MW 420.5 kW 67/99 100%
Table E.21: Coverage Optimization NRW (C = 100 %), DVB-T2, C-Net
network topology, ITU-R P.529-3, f0 = 500 MHz.
Scen. TG δG Ptot Pav NTx Coverage
A1 32k
19/128 2.25 kW 56.15W 40/99 100%
1/8 2.25 kW 56.16W 40/99 100%
1/16 2.27 kW 52.9W 43/99 100%
1/32 2.64 kW 38.27W 69/99 100%
A2 32k
19/128 197.29 kW 4.81 kW 41/99 100%
1/8 197.32 kW 2.06 kW 96/99 100%
1/16 199.81 kW 4.65 kW 43/99 100%
1/32 231.94 kW 2.34 kW 99/99 100%
B 32k
19/128 3.14MW 76.62 kW 41/99 100%
1/8 3.14MW 78.54 kW 40/99 100%
1/16 3.18MW 73.98 kW 43/99 100%
1/32 3.69MW 53.52 kW 69/99 100%
C 32k
19/128 — — — —
1/8 — — — —
1/16 — — — —
1/32 — — — —
Table E.22: Coverage Optimization NRW (C = 100 %), DVB-T2, C-Net
network topology, ITU-R P.529-3, f0 = 700 MHz.
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E.3 Coverage Optimization for DVB-T2
Scen. TG δG Ptot Pav NTx Coverage
A1 32k
19/128 1.05 kW 23.32W 45/99 97.15%
1/8 1.05 kW 23.32W 45/99 97.12%
1/16 1.07 kW 21.83W 49/99 97.17%
1/32 1.21 kW 17.52W 69/99 97.62%
A2 32k
19/128 68.55 kW 1.52 kW 45/99 97.15%
1/8 68.56 kW 1.52 kW 45/99 97.12%
1/16 69.88 kW 1.43 kW 49/99 97.17%
1/32 78.98 kW 1.14 kW 69/99 97.62%
B 32k
19/128 1.09MW 24.25 kW 45/99 97.1%
1/8 1.09MW 12.27 kW 89/99 97.12%
1/16 1.11MW 22.71 kW 49/99 97.17%
1/32 1.26MW 18.22 kW 69/99 97.62%
C 32k
19/128 18.55MW 403.24 kW 46/99 97.09%
1/8 18.55MW 247.37 kW 75/99 97.24%
1/16 18.84MW 190.32 kW 99/99 97.19%
1/32 22.07MW 222.93 kW 99/99 97.52%
Table E.23: Coverage Optimization NRW (C ≈ 97 %), DVB-T2, C-Net
network topology, ITU-R P.529-3, f0 = 500 MHz.
Scen. TG δG Ptot Pav NTx Coverage
A1 32k
19/128 1.99 kW 44.17W 45/99 97.21%
1/8 1.99 kW 44.18W 45/99 97.21%
1/16 2.01 kW 42.85W 47/99 97.16%
1/32 2.2 kW 31.87W 69/99 97.46%
A2 32k
19/128 174.61 kW 3.8 kW 46/99 97.21%
1/8 174.63 kW 3.8 kW 46/99 97.21%
1/16 176.9 kW 3.76 kW 47/99 97.16%
1/32 193.14 kW 2.8 kW 69/99 97.46%
B 32k
19/128 2.78MW 59.15 kW 47/99 97.21%
1/8 2.78MW 61.79 kW 45/99 97.21%
1/16 2.82MW 51.21 kW 55/99 97.16%
1/32 3.08MW 44.57 kW 69/99 97.46%
C 32k
19/128 — — — —
1/8 — — — —
1/16 — — — —
1/32 — — — —
Table E.24: Coverage Optimization NRW (C ≈ 97 %), DVB-T2, C-Net
network topology, ITU-R P.529-3, f0 = 700 MHz.
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Scen. TG δG Ptot Pav NTx Coverage
A1 32k
19/128 875.19W 15.91W 55/99 91.69%
1/8 875.4W 15.92W 55/99 91.7%
1/16 887.08W 18.87W 47/99 91.86%
1/32 1 kW 14.32W 70/99 92.27%
A2 32k
19/128 57.17 kW 1.04 kW 55/99 91.69%
1/8 57.19 kW 1.04 kW 55/99 91.7%
1/16 57.95 kW 1.23 kW 47/99 91.86%
1/32 65.47 kW 935.22W 70/99 92.27%
B 32k
19/128 910.32 kW 16.55 kW 55/99 91.69%
1/8 910.54 kW 9.69 kW 94/99 91.7%
1/16 922.7 kW 9.42 kW 98/99 91.86%
1/32 1.04MW 14.89 kW 70/99 92.27%
C 32k
19/128 15.86MW 160.24 kW 99/99 91.74%
1/8 15.87MW 244.12 kW 65/99 91.77%
1/16 16.08MW 315.23 kW 51/99 91.77%
1/32 17.91MW 180.88 kW 99/99 92.28%
Table E.25: Coverage Optimization NRW (C ≈ 91 %), DVB-T2, C-Net
network topology, ITU-R P.529-3, f0 = 500 MHz.
Scen. TG δG Ptot Pav NTx Coverage
A1 32k
19/128 1.64 kW 31.61W 52/99 91.55%
1/8 1.64 kW 29.89W 55/99 91.53%
1/16 1.66 kW 32.52W 51/99 91.81%
1/32 1.85 kW 26.81W 69/99 92.48%
A2 32k
19/128 144.37 kW 2.78 kW 52/99 91.55%
1/8 144.39 kW 2.63 kW 55/99 91.53%
1/16 145.67 kW 2.86 kW 51/99 91.81%
1/32 162.5 kW 2.36 kW 69/99 92.48%
B 32k
19/128 2.3MW 43.37 kW 53/99 91.55%
1/8 2.3MW 32.84 kW 70/99 91.53%
1/16 2.32MW 29.74 kW 78/99 91.81%
1/32 2.59MW 37.5 kW 69/99 92.48%
C 32k
19/128 — — — —
1/8 — — — —
1/16 — — — —
1/32 — — — —
Table E.26: Coverage Optimization NRW (C ≈ 91 %), DVB-T2, C-Net
network topology, ITU-R P.529-3, f0 = 700 MHz.
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E.3 Coverage Optimization for DVB-T2
Scen. TG δG Ptot Pav NTx Coverage
A1 32k
19/128 356.77 kW 14.27 kW 25/99 100%
1/8 356.77 kW 14.27 kW 25/99 100%
1/16 1.02MW 10.64 kW 96/99 100%
1/32 — — — —
A2 32k
19/128 2.73MW 28.19 kW 97/99 100%
1/8 2.73MW 78.14 kW 35/99 100%
1/16 12.38MW 165.1 kW 75/99 100%
1/32 — — — —
B 32k
19/128 108.77MW 1.2MW 91/99 100%
1/8 108.78MW 1.21MW 90/99 100%
1/16 — — — —
1/32 — — — —
C 32k
19/128 — — — —
1/8 — — — —
1/16 — — — —
1/32 — — — —
Table E.27: Coverage Optimization NRW (C = 100 %), DVB-T2, C-Net
network topology, ITU-R P.1812-3, f0 = 500 MHz.
Scen. TG δG Ptot Pav NTx Coverage
A1 32k
19/128 1.44MW 38.88 kW 37/99 100%
1/8 1.44MW 18.21 kW 79/99 100%
1/16 4.39MW 63.62 kW 69/99 100%
1/32 — — — —
A2 32k
19/128 11.22MW 114.5 kW 98/99 100%
1/8 11.22MW 115.68 kW 97/99 100%
1/16 — — — —
1/32 — — — —
B 32k
19/128 — — — —
1/8 — — — —
1/16 — — — —
1/32 — — — —
C 32k
19/128 — — — —
1/8 — — — —
1/16 — — — —
1/32 — — — —
Table E.28: Coverage Optimization NRW (C = 100 %), DVB-T2, C-Net
network topology, ITU-R P.1812-3, f0 = 700 MHz.
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Scen. TG δG Ptot Pav NTx Coverage
A1 32k
19/128 64.77 kW 780.41W 83/99 98.52%
1/8 49.59 kW 953.56W 52/99 98.31%
1/16 336.31 kW 5.25 kW 64/99 98.93%
1/32 — — — —
A2 32k
19/128 650.7 kW 13.01 kW 50/99 97.66%
1/8 673.08 kW 7.01 kW 96/99 97.87%
1/16 2.4MW 37.45 kW 64/99 98.91%
1/32 — — — —
B 32k
19/128 11.09MW 112.01 kW 99/99 98.17%
1/8 11.85MW 120.9 kW 98/99 98.27%
1/16 — — — —
1/32 — — — —
C 32k
19/128 — — — —
1/8 — — — —
1/16 — — — —
1/32 — — — —
Table E.29: Coverage Optimization NRW (C ≈ 97 %), DVB-T2, C-Net
network topology, ITU-R P.1812-3, f0 = 500 MHz.
Scen. TG δG Ptot Pav NTx Coverage
A1 32k
19/128 258.16 kW 6.15 kW 42/99 98.82%
1/8 192.99 kW 3.71 kW 52/99 98.28%
1/16 1.19MW 19.91 kW 60/99 98.79%
1/32 — — — —
A2 32k
19/128 2.45MW 42.91 kW 57/99 97.75%
1/8 2.47MW 26.04 kW 95/99 97.67%
1/16 — — — —
1/32 — — — —
B 32k
19/128 — — — —
1/8 — — — —
1/16 — — — —
1/32 — — — —
C 32k
19/128 — — — —
1/8 — — — —
1/16 — — — —
1/32 — — — —
Table E.30: Coverage Optimization NRW (C ≈ 97 %), DVB-T2, C-Net
network topology, ITU-R P.1812-3, f0 = 700 MHz.
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E.3 Coverage Optimization for DVB-T2
Scen. TG δG Ptot Pav NTx Coverage
A1 32k
19/128 18.99 kW 404.05W 47/99 93.05%
1/8 18.49 kW 385.11W 48/99 92.98%
1/16 120.18 kW 2.04 kW 59/99 95.49%
1/32 — — — —
A2 32k
19/128 287.12 kW 5.13 kW 56/99 92.41%
1/8 292.75 kW 4.57 kW 64/99 92.31%
1/16 1.29MW 16.75 kW 77/99 97.62%
1/32 — — — —
B 32k
19/128 5.38MW 74.65 kW 72/99 93.96%
1/8 5.54MW 75.86 kW 73/99 94.28%
1/16 — — — —
1/32 — — — —
C 32k
19/128 — — — —
1/8 — — — —
1/16 — — — —
1/32 — — — —
Table E.31: Coverage Optimization NRW (C ≈ 91 %), DVB-T2, C-Net
network topology, ITU-R P.1812-3, f0 = 500 MHz.
Scen. TG δG Ptot Pav NTx Coverage
A1 32k
19/128 57.63 kW 686.07W 84/99 93.05%
1/8 57.61 kW 1.09 kW 53/99 93.71%
1/16 388.68 kW 6.82 kW 57/99 95.03%
1/32 — — — —
A2 32k
19/128 974.87 kW 17.41 kW 56/99 92.86%
1/8 986.1 kW 10.27 kW 96/99 92.68%
1/16 — — — —
1/32 — — — —
B 32k
19/128 — — — —
1/8 — — — —
1/16 — — — —
1/32 — — — —
C 32k
19/128 — — — —
1/8 — — — —
1/16 — — — —
1/32 — — — —
Table E.32: Coverage Optimization NRW (C ≈ 91 %), DVB-T2, C-Net
network topology, ITU-R P.1812-3, f0 = 700 MHz.
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E.3.3 Coverage optimization for GSM sites
Scen. TG δG Ptot Pav NTx Coverage
A1 32k
19/128 287.52W 0.14W 2007/4646 100%
1/8 287.54W 0.14W 2007/4646 100%
1/16 288.79W 0.14W 2017/4646 100%
1/32 304.14W 0.14W 2148/4646 100%
A2 32k
19/128 18.78 kW 9.35W 2008/4646 100%
1/8 18.78 kW 9.01W 2064/4646 100%
1/16 18.87 kW 9.35W 2017/4646 100%
1/32 19.87 kW 9.25W 2148/4646 100%
B 32k
19/128 299.07 kW 147.98W 2021/4646 100%
1/8 299.09 kW 98.87W 2025/4646 100%
1/16 300.34 kW 148.75W 2018/4646 100%
1/32 316.35 kW 147.21W 2149/4646 100%
C 32k
19/128 4.87MW 2.32 kW 2097/4646 100%
1/8 4.87MW 1.71 kW 2843/4646 100%
1/16 4.89MW 2.12 kW 2310/4646 100%
1/32 5.15MW 2.37 kW 2158/4646 100%
Table E.33: Coverage Optimization NRW (C = 100 %), DVB-T2, GSM
network topology, ITU-R P.529-3, f0 = 500 MHz.
Scen. TG δG Ptot Pav NTx Coverage
A1 32k
19/128 505.79W 0.25W 2011/4646 100%
1/8 505.81W 0.25W 2011/4646 100%
1/16 507.46W 0.25W 2019/4646 100%
1/32 531.63W 0.25W 2136/4646 100%
A2 32k
19/128 44.43 kW 22.09W 2011/4646 100%
1/8 44.43 kW 22.09W 2011/4646 100%
1/16 44.57 kW 22.08W 2018/4646 100%
1/32 46.70 kW 21.86W 2136/4646 100%
B 32k
19/128 707.39 kW 351.76W 2011/4646 100%
1/8 707.41 kW 340.92W 2075/4646 100%
1/16 709.72 kW 351.52 kW 2019/4646 100%
1/32 743.52 kW 286.25W 2953/4646 100%
C 32k
19/128 11.51MW 5.72 kW 2011/4646 100%
1/8 11.51MW 3.90 kW 2953/4646 100%
1/16 11.55MW 2.49 kW 4642/4646 100%
1/32 12.10MW 5.58 kW 2170/4646 100%
Table E.34: Coverage Optimization NRW (C = 100 %), DVB-T2, GSM
network topology, ITU-R P.529-3, f0 = 700 MHz.
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E.3 Coverage Optimization for DVB-T2
Scen. TG δG Ptot Pav NTx Coverage
A1 32k
19/128 264.68W 121.19mW 2184/4646 97.5%
1/8 264.63W 121.11mW 2185/4646 97.49%
1/16 265.82W 121.38mW 2190/4646 97.49%
1/32 277.7W 120.95mW 2296/4646 97.46%
A2 32k
19/128 17.29 kW 7.92W 2184/4646 97.5%
1/8 17.29 kW 7.92W 2184/4646 97.49%
1/16 17.37 kW 7.94W 2187/4646 97.49%
1/32 18.14 kW 7.59W 2390/4646 97.46%
B 32k
19/128 275.32 kW 126.12W 2183/4646 97.48%
1/8 275.34 kW 125.38W 2196/4646 97.5%
1/16 276.49 kW 126.25W 2190/4646 97.49%
1/32 288.84 kW 124.5W 2320/4646 97.46%
C 32k
19/128 4.48MW 1.25 kW 3583/4646 97.48%
1/8 4.48MW 1.77 kW 2535/4646 97.49%
1/16 4.5MW 2.06 kW 2188/4646 97.49%
1/32 4.7MW 1.18 kW 3994/4646 97.46%
Table E.35: Coverage Optimization NRW (C ≈ 97 %), DVB-T2, GSM
network topology, ITU-R P.529-3, f0 = 500 MHz.
Scen. TG δG Ptot Pav NTx Coverage
A1 32k
19/128 465.68W 212.93mW 2187/4646 97.49%
1/8 465.69W 212.94mW 2187/4646 97.49%
1/16 466.82W 212.96mW 2192/4646 97.47%
1/32 485.89W 212.18mW 2290/4646 97.46%
A2 32k
19/128 40.9 kW 18.7W 2187/4646 97.49%
1/8 40.9 kW 18.7W 2187/4646 97.48%
1/16 41 kW 18.59W 2206/4646 97.47%
1/32 42.69 kW 18.66W 2288/4646 97.47%
B 32k
19/128 651.28 kW 296.44W 2197/4646 97.49%
1/8 650.61 kW 277.09W 2348/4646 97.48%
1/16 652.9 kW 297.45W 2195/4646 97.47%
1/32 679.25 kW 290.65W 2337/4646 97.45%
C 32k
19/128 10.6MW 2.28 kW 4642/4646 97.49%
1/8 10.6MW 2.28 kW 4642/4646 97.49%
1/16 10.6MW 2.28 kW 4642/4646 97.49%
1/32 10.63MW 4.79 kW 2220/4646 97.46%
Table E.36: Coverage Optimization NRW (C ≈ 97 %), DVB-T2, GSM
network topology, ITU-R P.529-3, f0 = 700 MHz.
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Scen. TG δG Ptot Pav NTx Coverage
A1 32k
19/128 244.26W 117.72mW 2075/4646 92.58%
1/8 244.28W 117.72mW 2075/4646 92.59%
1/16 245.18W 117.76mW 2082/4646 92.5%
1/32 257.71W 117.78mW 2188/4646 92.43%
A2 32k
19/128 15.96 kW 7.69W 2075/4646 92.58%
1/8 15.96 kW 7.69W 2075/4646 92.59%
1/16 16.02 kW 7.69W 2082/4646 92.5%
1/32 16.84 kW 7.69W 2190/4646 92.41%
B 32k
19/128 254.07 kW 122.38W 2076/4646 92.58%
1/8 254.08 kW 122.27W 2078/4646 92.59%
1/16 255.02 kW 122.49W 2082/4646 92.5%
1/32 268.05 kW 95.56W 2805/4646 92.43%
C 32k
19/128 4.14MW 1.99 kW 2077/4646 92.58%
1/8 4.14MW 1.99 kW 2078/4646 92.59%
1/16 4.15MW 894.27W 4642/4646 92.5%
1/32 4.36MW 940.18W 4641/4646 92.43%
Table E.37: Coverage Optimization NRW (C ≈ 91 %), DVB-T2, GSM
network topology, ITU-R P.529-3, f0 = 500 MHz.
Scen. TG δG Ptot Pav NTx Coverage
A1 32k
19/128 429.59W 207.03mW 2075/4646 92.52%
1/8 429.63W 207.05mW 2075/4646 92.53%
1/16 430.8W 206.52mW 2086/4646 92.49%
1/32 449.17W 206.32mW 2177/4646 92.41%
A2 32k
19/128 37.73 kW 18.17W 2077/4646 92.52%
1/8 37.74 kW 18.15W 2079/4646 92.53%
1/16 37.84 kW 18.14W 2086/4646 92.52%
1/32 39.45 kW 18.12W 2177/4646 92.4%
B 32k
19/128 600.82 kW 276.24W 2175/4646 92.52%
1/8 600.87 kW 289.58W 2075/4646 92.53%
1/16 602.51 kW 210.82W 2858/4646 92.52%
1/32 628.2 kW 288.56W 2177/4646 92.4%
C 32k
19/128 9.78MW 2.16 kW 4524/4646 92.52%
1/8 9.78MW 2.16 kW 4524/4646 92.52%
1/16 9.78MW 4.7 kW 2080/4646 92.53%
1/32 9.81MW 2.11 kW 4642/4646 92.52%
Table E.38: Coverage Optimization NRW (C ≈ 91 %), DVB-T2, GSM
network topology, ITU-R P.529-3, f0 = 700 MHz.
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E.3 Coverage Optimization for DVB-T2
Scen. TG δG Ptot Pav NTx Coverage
A1 32k
19/128 822.91W 607.31mW 1355/4646 100%
1/8 823W 606.93mW 1356/4646 100%
1/16 841.69W 600.77mW 1401/4646 100%
1/32 1.05 kW 650.53mW 1617/4646 100%
A2 32k
19/128 27.55 kW 17.03W 1618/4646 100%
1/8 27.56 kW 16.98W 1623/4646 100%
1/16 28.74 kW 17.01W 1690/4646 100%
1/32 36.55 kW 20.14W 1815/4646 100%
B 32k
19/128 438.68 kW 129.63W 3384/4646 100%
1/8 438.78 kW 177.64W 2470/4646 100%
1/16 457.65 kW 251.04W 1823/4646 100%
1/32 581.88 kW 170.39W 3415/4646 100%
C 32k
19/128 7.14MW 1.54 kW 4642/4646 100%
1/8 7.14MW 1.54 kW 4642/4646 100%
1/16 7.45MW 1.6 kW 4642/4646 100%
1/32 9.47MW 2.1 kW 4511/4646 100%
Table E.39: Coverage Optimization NRW (C = 100 %), DVB-T2, GSM
network topology, ITU-R P.1812-3, f0 = 500 MHz.
Scen. TG δG Ptot Pav NTx Coverage
A1 32k
19/128 2.34 kW 1.82W 1283/4646 100%
1/8 2.34 kW 1.82W 1283/4646 100%
1/16 2.39 kW 1.76W 1362/4646 100%
1/32 3.15 kW 2.04W 1547/4646 100%
A2 32k
19/128 92.13 kW 62.59W 1472/4646 100%
1/8 92.14 kW 62.47W 1472/4646 100%
1/16 95.89 kW 54.73W 1472/4646 100%
1/32 127.46 kW 77.06W 1654/4646 97.57%
B 32k
19/128 1.47MW 853.80W 1718/4646 100%
1/8 1.47MW 796.49W 1842/4646 100%
1/16 1.53MW 328.97W 4641/4646 100%
1/32 2.03MW 1.23 kW 1654/4646 97.45%
C 32k
19/128 23.88MW 5.14 kW 4641/4646 100%
1/8 23.88MW 5.15 kW 4641/4646 100%
1/16 24.85MW 5.35 kW 4642/4646 100%
1/32 33.04MW 19.97 kW 1654/4646 97.64%
Table E.40: Coverage Optimization NRW (C = 100 %), DVB-T2, GSM
network topology, ITU-R P.1812-3, f0 = 700 MHz.
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Scen. TG δG Ptot Pav NTx Coverage
A1 32k
19/128 287.24W 178.08mW 1613/4646 97.78%
1/8 286.93W 177.55mW 1616/4646 97.79%
1/16 287.56W 175.34mW 1640/4646 97.94%
1/32 336.75W 180.56mW 1865/4646 98.05%
A2 32k
19/128 11.32 kW 5.68W 1992/4646 97.82%
1/8 11.32 kW 5.69W 1989/4646 97.82%
1/16 11.49 kW 5.68W 2021/4646 97.87%
1/32 13.67 kW 6.13W 2229/4646 98.05%
B 32k
19/128 180.1 kW 85.44W 2108/4646 97.81%
1/8 180.17 kW 75.57W 2384/4646 97.82%
1/16 182.89 kW 84.52W 2164/4646 97.88%
1/32 217.6 kW 96.58W 2253/4646 98.05%
C 32k
19/128 2.93MW 631.56W 4642/4646 97.82%
1/8 2.93MW 631.82W 4642/4646 97.81%
1/16 2.98MW 641.35W 4642/4646 97.89%
1/32 3.54MW 763.08W 4642/4646 98.06%
Table E.41: Coverage Optimization NRW (C ≈ 97 %), DVB-T2, GSM
network topology, ITU-R P.1812-3, f0 = 500 MHz.
Scen. TG δG Ptot Pav NTx Coverage
A1 32k
19/128 758.02W 495.44mW 1530/4646 97.72%
1/8 757.41W 495.69mW 1528/4646 97.72%
1/16 755.32W 482.02mW 1567/4646 97.84%
1/32 873.53W 490.2mW 1782/4646 98.1%
A2 32k
19/128 36.44 kW 19.14W 1904/4646 97.8%
1/8 36.42 kW 19.34W 1883/4646 97.82%
1/16 36.95 kW 18.44W 2004/4646 97.9%
1/32 44.26 kW 21.04W 2104/4646 98.09%
B 32k
19/128 580.14 kW 297.51W 1950/4646 97.8%
1/8 579.85 kW 134.38W 4315/4646 97.82%
1/16 588.39 kW 282.2W 2085/4646 97.89%
1/32 704.67 kW 159.5W 4418/4646 98.09%
C 32k
19/128 9.44MW 2.03 kW 4642/4646 97.82%
1/8 9.44MW 2.03 kW 4642/4646 97.81%
1/16 9.58MW 2.06 kW 4642/4646 97.91%
1/32 11.47MW 2.47 kW 4642/4646 98.09%
Table E.42: Coverage Optimization NRW (C ≈ 97 %), DVB-T2, GSM
network topology, ITU-R P.1812-3, f0 = 700 MHz.
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E.3 Coverage Optimization for DVB-T2
Scen. TG δG Ptot Pav NTx Coverage
A1 32k
19/128 269.17W 172.32mW 1562/4646 92.99%
1/8 269.19W 172mW 1565/4646 92.99%
1/16 267.39W 167.22mW 1599/4646 93.53%
1/32 323.69W 182.36mW 1775/4646 94.18%
A2 32k
19/128 10.12 kW 5.35W 1892/4646 93.43%
1/8 10.12 kW 5.32W 1903/4646 93.43%
1/16 10.75 kW 5.56W 1932/4646 93.81%
1/32 12.9 kW 6.07W 2126/4646 93.94%
B 32k
19/128 161.11 kW 80.56W 2000/4646 93.43%
1/8 161.15 kW 80.37W 2005/4646 93.43%
1/16 171.15 kW 88.72W 1929/4646 93.81%
1/32 205.45 kW 94.5W 2174/4646 93.94%
C 32k
19/128 2.62MW 564.97W 4642/4646 93.43%
1/8 2.62MW 565.09W 4642/4646 93.43%
1/16 2.79MW 600.28W 4641/4646 93.81%
1/32 3.34MW 720.43W 4642/4646 93.94%
Table E.43: Coverage Optimization NRW (C ≈ 91 %), DVB-T2, GSM
network topology, ITU-R P.1812-3, f0 = 500 MHz.
Scen. TG δG Ptot Pav NTx Coverage
A1 32k
19/128 687.08W 468.35mW 1467/4646 93%
1/8 687.07W 469.63mW 1463/4646 93%
1/16 691.93W 450.77mW 1535/4646 93.5%
1/32 833.57W 482.11mW 1729/4646 94.4%
A2 32k
19/128 32.22 kW 17.73W 1817/4646 93.53%
1/8 32.23 kW 17.69W 1822/4646 93.52%
1/16 32.64 kW 17.26W 1891/4646 93.81%
1/32 42.35 kW 20.26W 2090/4646 94.31%
B 32k
19/128 513.01 kW 232.66W 2205/4646 93.53%
1/8 513.09 kW 143.84W 3567/4646 93.52%
1/16 519.77 kW 112W 4641/4646 93.81%
1/32 674.3 kW 218.15W 3091/4646 94.31%
C 32k
19/128 8.35MW 1.8 kW 4642/4646 93.53%
1/8 8.35MW 1.8 kW 4642/4646 93.52%
1/16 8.46MW 1.82 kW 4642/4646 93.81%
1/32 10.98MW 2.36 kW 4642/4646 94.31%
Table E.44: Coverage Optimization NRW (C ≈ 91 %), DVB-T2, GSM
network topology, ITU-R P.1812-3, f0 = 700 MHz.
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E.4 Coverage Optimization for eMBMS
Scen. TG SNRmin Ptot Pav NTx Coverage
A1
16.7µs 6.4 dB 1.25 kW 0.4W 3150 100%11.6 dB — — — —
33.3µs 6.4 dB 452.08W 0.16W 2752 100%11.6 dB 7.16 kW 2.24W 3194 100%
A2
16.7µs 6.4 dB 81.39 kW 5.84W 3150 100%11.6 dB — — — —
33.3µs 6.4 dB 29.53 kW 10.73W 2752 100%11.6 dB 467.57 kW 146.38W 3194 100%
B
16.7µs 6.4 dB 1.3MW 411.39W 3150 100%11.6 dB — — — —
33.3µs 6.4 dB 470.23 kW 169.82 kW 2769 100%11.6 dB 7.44MW 2.33 kW 3194 100%
C
16.7µs 6.4 dB 21.09MW 6.70 kW 3150 100%11.6 dB — — — —
33.3µs 6.4 dB 7.65MW 2.69 kW 2849 100%11.6 dB 121.18MW 37.94 kW 3194 100%
Table E.45: Coverage Optimization NRW (C = 100 %), eMBMS, GSM
network topology, ITU-R P.529-3, f0 = 500 MHz.
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Scen. TG SNRmin Ptot Pav NTx Coverage
A1
16.7µs 6.4 dB 2.16 kW 0.69W 3150 100%11.6 dB — — — —
33.3µs 6.4 dB 788.34W 0.29W 2750 100%11.6 dB 11.77 kW 3.69W 3192 100%
A2
16.7µs 6.4 dB 190.03MW 60.33W 3150 100%11.6 dB — — — —
33.3µs 6.4 dB 69.25 kW 25.18W 2750 100%11.6 dB 1.03MW 323.90W 3192 100%
B
16.7µs 6.4 dB 3.03MW 960.52W 3150 100%11.6 dB — — — —
33.3µs 6.4 dB 1.10MW 400.93W 2750 100%11.6 dB 16.46MW 5.16 kW 3192 100%
C
16.7µs 6.4 dB 49.25MW 15.64 kW 3150 100%11.6 dB — — — —
33.3µs 6.4 dB 17.95MW 6.48 kW 2750 100%11.6 dB 268.87MW 84.18 kW 3192 100%
Table E.46: Coverage Optimization NRW (C = 100 %), eMBMS, GSM
network topology, ITU-R P.529-3, f0 = 700 MHz.
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